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An initial series of screening tests were made in the full-scale :'La.c t,:t
chamber usi.g propane/air mixtures and ethylene/air mixtures (as reprf,.-entat
of the two extremes of probable flame speeds for typical bulk carg[o ft ¢2.
ietermine which igniter location (upstream or downstream) produced the riost .<>r,

test conditions. The severity being identified as the hichest flame oeed pr p-
a ating upstream towards the test flame arrester. Both the single 30-s:!esh s:
arrester and the dual 20-mesh screen arrester were evaluated for flame quer.,)..t"i

capability on these tests. The resulting flame speeds ranged from 2.9) t ,. .

(9.31 t- 21.65 ft/s) with the upstream igniter location producing the hi -her Xur.e
speed "or both fuel/air mixtures. A tabular summary of average values of ,lae:,e

speeds and peak pressure rises for all fuels tested is given in Table !-i. -lhe
single 30-mesh screen arrester quenched all flashback flames for both fuel/air

mixtures. The dual 20-mesh screen arrester quenched all propane/air mixture

ilames and the ethylene/air mixture flames initiated by the downstream i-niter
i )cat in. The ethylene/air mixture flames initiated by the upstream i:mniter - ca-
ti(,n penetrated the dual 20-mesh screen arrester in three successive t.-st firn
A tabular summary of the flashback flame quenching test results for aIl fuel/air

mixtures and test arrester assemblies is given in Table 1-2.

The upstream igniter location was used on all the subsequent flashback flam:,e
quenching tests. The single 30-mesh screen arrester and the dual 20-mesh screen
arrester were tested with the six remaining fuel/air mixtures. Both arresters
were successful in quenching the flames on all test firings as shown in Table 1-2.
The resulting flame speeds, or test condition severities, for the six additio-nal
fuel/air mixtures were less than those measured for the ethylene-fuel/air mixture,

as shown in Table 1-1.

The original test configuration for the packed bed of aluminum Ballast rin-s

arrester was unsuccessful in quenching the flashback flames from gasoline/air

mixtures in three successive test firings. A single 30-mesh screen was added n

the downstream end of the arrester, between the retainer grid and the bed of
rings. This modified configuration was successful in quenching flashback flames

from the propane/air mixture, gasoline/air mixture, and three out of f,ur test
firings with ethylene/air mixture. The spiral-wound, crimped stainless-steel

ribbon arrester was successful in quenching all flashback flames from propane,
ethylene, and gasoline-fuel/air mixture test firings. The test results are
suLmmarized in Table 1-2.

The sustained burning tests were conducted outside of the flame test chamber
by rearranging the facility piping. Using a combination of pipe elbows , the last

section )f inlet pipe was redirected 90 deg to one side and the flame arrester
test assemblies were mounted on the end of the pipe in the vertically up posilion.
Tw,) different sizes of flame screen arrester assemblies were tested, (i) the

original 15.2-cm- (6-in.-) diameter adapter housing and (2) a new 25.4-cm-
(L0-in.-) diameter adapter housing. This change in arrester flow area was manle
t, evaluate the effects of the approach velocity and flow-tnrough velocity of the
" uel/air mixture on the thermal environment at the screens. The single 30-mesh
screen arrester and the duPI 20-mesh screen arrester in both pipe size,, the
packed bed of Ballast rings ariraLer, and the spiral-wound, crimped ribbon arrester
were alt successful in maintaining sustained burning with the propane/air mixture
1-r the full 10 minutes (1800 seconds) of test duration.

1-3
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Sustained burning tests were also made with the ethylene/air mixtire, bit
because of the anticipated severity of test conditions, only the packel bed of
Ballast rings arrester and the spiral-wound, crimped ribbon arrester were tested.
The spiral-wound, crimped ribbon arrester failed in two tests of 423 :ec'nds an-i
383 seconds duration. The packed bed arrester failed on the first tests after
only 43 seconds duration, and resulted in a deflagration-to-detonatio. transitio.
in the arrester bed. On the second test, the packed bed arrester failed immediate,.y
after ignition due to a damaged screen. The results of the sustained burning
tests are summarized in Table 1-3.

Table 1-3. Tabular Summary of Sustained Burning Test Results

Flame Arrester Type of Time Duration
Type and Size Fuel of Burning, s Flamethrough

15.2-cm- (6-in.-) diam. single Propane 1800 No
30-mesh stainless-steel screen

15.2-cm- (6-in.-) diam. dual Propane 1800 :o
20-mesh stainless-steel screen

25.-4-cm- (10-in.-) diam. single Propane 1800 'o
30-mesh stainless-steel screen

2.54-cm- (10-in.-) diam. single Propane 1800 No
20-mesh stainless-steel screen

30.5-cm- (12-in.-) diam. by Propane 1800 No
20.3-cm- (8-in.-) long spiral-
wound, crimped stainless-steel Ethylene 423 Yes
ribbon

Ethylene 383 Yes

25. 4-cm- (10-in.-) diam. by Propane 1800 No
45.7-cm- (18-in.-) long packed
bed of 2.54-cm- (1.0-in.-) Ethylene 43 Yes
size aluminum ballast ring
plus a single 30-mesh Ethylene 0 Yes
stainless-steel screen
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SECTION II

INTRODUCTION

The U. S. Coast Guard, under the Ports and Waterways Safety Act I92-...%
is responsible for the safety of vessels and U. S. ports from the inherent K:<zari
f handLing petroleum products. The Coast Guard must insure that carc., tanks

Uboard vessels are adequately protected from ignition sources that ray be present
,,n deck. Ships and barges that carry grades D and E flammable carg', n:re re] ,e
under Subcharter D of Title 146 to have flame screens on the vent outl-i's f 'ia -
tanks, cofferdams and void spaces, and on all open ullage hr-les, hatrc.es, r
Putterw rth plates. The screens prevent accidental flame passage fr,': the -,1
leck int the car r. tank. A single 30-mesh screen or dual 20-mesh screens :ro ei
:~re than one-half inch apart and not more than one and one-half inch apart a
4=pproved by the U. .'. Coast Guard.

The adequacy of the flaine screen as a flame arrester has been questi,_ne:
(Reference 2-1). Wilson and Crowley (References 2-2 and 2-3) carried ut t'rOS

for the U. S. Coast Guard with screen arresters, where the screens were mounted
some 1.83 m (6.0 ft) inboard from the open end of the pipe, rather than at the
end as in the standard vent-sta,'k installations. These nonstandard instaliati ns
were used for tests of screen arresters at hitch turbulent flame speels, ranging
from 2 to 30 mis (6.6 to 98.). ft/-). These tests ()f screen arresters were mire
severe than those where the screenis were munted in the standard insta. latin.
Under certain conditions, screen arresters failed to quench the flame in some of
these tests. Tt seems, however, that the higher flame speeds were aco mpanied Ly
gross gas motions that caused apparent discrepant flame quenching resTuits.
Because the Wilson and Crowley test conditions were not representative of
flashback-flane propagation t, a standard vent-stack installation in an open
environment, more tests that simulated the actual conditions existing aboard fuel
cargo transport vessels were needed. One of the major points of interest is
whether or not a flame will accelerate in an open deck environment and what effect
this accelerated flame speed has on the quenching capability of the screen arrester.

Screen flame arresters mounted at the end of a vent stack are designed to
prevent flames ignited outside the tank from propagating into the tank. It is
assued that the flammable gases in the vent stack are either quiescent or flow-
ing out. On the other hand, most of the reported tests on screen flame arresters
confine the flame in an enclosure whose only or major outlet was throuo.h the flame
arrester (Reference 2-4). Combustion within an enclosure is invariably accompanied
by considerable gas flow through the screen in the direction of flame propagation.
The hypothesis to be tested was whether an unconfined turbulent flame flashback
can be stopped from propagating into a vent stack whose end is covered with a
screen flame arrester. In these tests, it was supposed that there is no gross
gas flow through the screen associated with the ignition and propagation of the
flame.

Screen flame arresters are designed to completely enclose the outlet openings
with a fine wire mesh. The wire mesh is sufficiently open so that it offers ner-
ligible obstruction to the passage of gases and vapors, but the mesh openings are
to, small to allow the passage of flanes. There should be no opening, in the
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screen :'1 aae arrester with an equivalent hydraulic diameter1 ia'er t I, 'tj

,'Loai ,irieter of flame quenching in a tube. The critical diameter-' f -r
uenihin in a tube foi a large variety of different flammable gas :%i,:tuces.'.

been established in extensive laboratory tests, as discussed in WiIs !. ard
Attalah's review of flame arresters for cargo venting systems (Referei.ke 1-3.
It has been shown for laminar flames propagating in flammable gases that Lh,-
,rrelation for the critical Peclet number (Pe) (Reference 2-4) is:

log1 0 Pe = 1.8 ± 0.3

Pe is defined as DCR x Su/a, where DCR is the critical diameter for flame quench-
ing in a tube, Su is the laminar flame velocity in the unburned mixture, and a is
the thermal diffusivity in the unburned mixture. The uncertainty in the value of
lcglO Pe allows for differences in the behavior of widely different fuels and
-xidizers, but it is sufficiently restrictive to yield useful design values i'-r
the maximum allowable opening sizes in flame arresters.

The concept of quenching a laminar flame in a narrow tube through heat cc-

to the walls of the tube is well established (Reference 2-5). For effective
flame quenching, the surface must be noncatalytic (this requirement is satisfiei

by all commercial materials of construction) and heat dissipative (stainless
steels have adequate conductivity). Screen flame arresters differ from isolated
orifices of the flame quench theory in that there are arrays of orifices. Each
orifice in the array acts identically to an isolated orifice as far as flame
quenching is concerned. Gas flows and heat transfer associated with flame pr pa-
gation and gas volume expansion seem to be the main causes of screen failure.
The flame heats and weakens the wires of the screen so that fluid friction and
pressure tear openings into the wire mesh (References 2-6, 2-7, and 2-8). it is
evident that prolonged exposure to sustained burning will decrease the quenchin
capability of the screen arrester, a phenomena that requires further investigation.

Flames propagating in open environment are almost invariably turbulent, as
opp,-,sed to the laminar flames considered in the quenching theory (Reference 2-9).
For most practical considerations, open turbulent flames can be considered highly
wrinkled laminar flo-mes whose characteristic wrinkle dimension is in the order
"of the critical diameter for flame quenching. The heat release rate is propor-

ti,,nal to the total area of the propagating wrinkled flame front, which can be
many times larger than the superficial projected flow area. The criterion for

the critical diameter for flame quenching by the flame arrester is the same ',r
turbulent and laminar flames according to Reference 2-4, but the heating effects
of the turbulent flame are very much greater. In addition, the nonunif'orm and
fluctuating turbulent flame front can cause, in pockets of the flame, the reiease
Vf transient high pressure and high heat that far exceed in value the pressure

and heat 0f a laminar flame (Reference 2-il). If a transient high reactivity
pocket f pas coincides with the intersection of the flame front and the screen
flame arrester, there is a probability that the flame will penetrate the screen

quivalent hydraulic diameter = 4 x (cross-sectional area of passageway)
perimeter of passageway
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1 '1: C t, ' ' C .C . ,:,e I ,'n ' i l . T h' ;(- , . 1. ' eruti ,nz 7,re .P ,i* L y tile ,, : :. "

o'ki ' .i ,- .nv.. review ( 1,e ei'ence 2 ) ,.':e o's l,,e ".
' It" i .ie~' t ii,.eri: ep rt,ed by dii'ereit inv e out ii

F ' ti", ' i,,-e envir, 11; ents.

i im r,i r ant t, make _ distinction between "burningvol it ani ":'
sreed" Ie' e reoe .-. Burning, velocity is defined as the s1,eed : e -,

i n lame 'rnt relative to the speed of the unburned Vas. It - a pl" peroy
Ithe "a d -p siti, n and of the physical state nf the unburned xs :i.ture.

F - OL Ieed is ief'ined as burning velcity plus any :gross motion in unhorne:
-s reuav',e t a fixed frame .Sf reference. It is infl .enced by gros- t-as : n. ri

and by the :e :metry if any encli)sing structure.

The pr pa,-atio. 1 f' a flame in a duct can create gross c moti,.,n. This is
clearly i'lustrated if we co nsider a duct, closed at one end and open to the
atmsphere at the other, '!!i with a flammable gas. When the gas is ignited at
the closed end f the duct, the flame speed is g~reater than it would Te if ihe
'lame were started at the open end and allowed to travel toward the cl sed end.
Tn the case )f clo sed end ig<nition, the burned gas is expanding and pushino,- the
unburned gas iut the open end _if the duct, so that the "flame speed" is the sum
uf the "burnino velocity" and the gross motion, which is cau-ed by the expansion
,_f the trapped ht combustion pr,:lucts. In the second case, the ignition at the
open end causes the unburned ,as to remain stationary, hence the observed "flame
spe(-l" is nearly the "burning velocity" with differences due mainly to flame fr-nt
interaction with the duct wall.

While ,oss gas motion does not changre burning velocity by itself, there are
ao:Aitional factors that cause enclosed turbulent flames to accelerate in burnino
ve..,)city. Acceleration )f turbulent flames in ducts has been discusse! in a pre-
vious JP1, report (Reference 2-10) in connection with transition from defla rati n
to det.nation. Little understood interactions between turbulent flame propacati n
and the turbulent boundary layer on a duct wall can lead to appreciable accelera-
tion of the burning velocity. The flame can be accelerated to such a high speed
that shock waves become associated with the highly turbulent flame front, where-
upon compressive heating causes still greater acceleration until detonation is
obtained. In a confined duct, particularly in those with rough walls, turbulent
flames can readiLy accelerate to the point where self-compressive ignition occurs.
The transition from deflagration to detonation in hydrocarbon-fuel/air mixtures is
an extremely improbable event in an oren environment, but detonations can be ini-
tiated by a shock wave from an external source, such as a bomb (Reference 2-lI).

I'ipes carrying vapors out of carro tanks that contain volatile f.ammable
iiquid. may cntain a fuel/air mixture within the flammable range, as illustrated
in Fi ure - . A sr;urce o)f flame ignition outside the vent stack, as illustrated
in Firuire may cause a flame t( propagate into the vent stack. Fi,'ame pro pa-
"ati n within a narrow pipe is particularly dangerous, because both c- .finement

,X" the expanding ho t co-mbusti n prducts and flame front acceleration iue to
intera!t4in with the wail bondary [ayer can occur. In severe cases, "he I" ame
pr ,prwdi n 'an bee 'nme a destruotive letnation wave. The i]lustrati r. in ',,--
re .- , ch,:; a fln Ifr,,t acreerat,,ing insid e a pie in contrast t , 'he urn:

rate I' pr .. a,-ti .n in the ,pen air.
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Table 2-1. Properties of Selected Fuels

Common Name Chemical Name Formula Miiecular 'veii.'

Acetaldehyde Ethanal CH CHO 425

Butane n-Butane C4H 1

Diethyl ether Ethoxy ethane (C H ) 0 74.j22

AEthylene Ethene C2H 42.5

Gasoline C 8H 1.411

Methyl alcohol Methanol CH OH 32.0',2
3

Propane Propane C 3H 84.

Toluene Methyl benzene C 6H 5CH 2.)I
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SECTION III

TEST FACILITY DESCRIPTION

A. lENERAL

All testing for this program was performed at the B-Stand facilit, ,
_et Pr pulsion Laboratory's Edwards Test Station. The B-Stand test area c.mtn-:1n
an air compressor system, fuel system, fuel vaporizer and conuenser i p, f'ie.
and air induction system, facility piping, test flame chamber, and an exhaust-
burn stack. The test facility flow system schematic diagrams are show, in Fio-
ures 3-1 and 3-2. Table 3-1 gives - description of the symbols used .in the
schematic diagrams. A detailed description of the major portion of this test

facility is jiven in Reference 2-10. Some modifications and additins were oa:e
t: incrpcrate gaseous-type fuels, flashback flame testing, and sustai:oed b1_-:.in,
testing for this program.

The following is a brief description of the various facility syst,ms i,i_-_

ing the modifications and new additions.

B. AIR COMPRESSOR SYSTEM

A new multistage centrifugal turbine air compressor was installed, which is
rated for 11.3 m 3/min (400 indicated cfm) at 1l.4 kN/m 2 (6.0 psid). 'r, is iriw:en

by a 14.9-kW (20-hp) electrical motor. Air flow in the 10.2-cm- (.-in.-) diameter
pipe system is controlled by a remotely operated metering valve and a remctely oper-
ated bypass valve. Flow rate is measured using a Meriam Laminar Fiow I ~ement (IFE).

C. FUEL SYSTEM

Two parallel systems provide a variety of either liquid or gaseuio fuels.
Liquid fuel was supplied by a nitrogen gas pressurized tank with a capacity .1'

0.049 m3 (13 gal) and a working pressure of 6895 kN/m 2 (1000 psia). Fie- I'I w
was controlled by a remotely operated metering valve and measured with a turbine-

type flowmeter. Gaseous fuel was supplied from a manifold containing two type-iA'
shipping cylinders having the combined volume of 0.0876 m 3 (3.08 !-t3f,,. The n rmal
delivery pressure was 8274 kN/m 2 (1200 psia). Gas flow was crntrolled by a
remotely operated pressure regulator and measured with a precision-bored sonic

orifice. The fuel gas temperature was stabilized for flow measurement using a
water bath preheater.

D. FUEL VAPORIZER AND CONDENSER LOOP

All fuels were either vaporized or preheated with a remotely regu.lated elec-
trical heat exchanger before injection into the flowing air stream. A pneumaticaj .y
operated three-way valve energized to the RUN position directed the heated fuel
into the fuel injection manifold. With the valve in the CONDENSER position, the

heated fuel was directed into a water bath heat exchanger where most of the

3-1
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U~1Manual g,!'.bevae

f1i~ectrio solenuld _.perate va e

Electric mtor ojperated valve

;Kl.ectrio_ moctor o)perated bal av

Air piston operated bail valve

one-way flow check valve

Pressure relief safety valve

Dome pressure regulator .,aave

rff Manual set pressure regulator valve

Electric motor operated pressure
regulator valve (dome loader)

Pressure rupture disc assembly

0 Pressure gage

Voltmeter transducer

Ammeter transducer

Temperature transducer

FPxx ', Pressure transducer

FFXXIFlame sensor transducer

Flowmeter transducer
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SECTION IV

IN2SUI4LENTAT IOn AND C 15S -A

A. SiKCERAL DESCRIPTION

A, instrumentation and c-,ntr(-)Is at P-Stand fa,_ility wet,: re, .

and m nitored. Test system parameters were measu-ed at tle >c t
trical t ransducers with their signals conducted to the bl ck.-!e

recording,, and display. Location and identification !f a-l r'ir
taticn paraneters and controls are shown in Firrures 3-1 and %L

listing: of the nomenclature for all instrumnentati,,x and cal'u ate. 'I

Test system parameters were divided into two gr'ous: s t ea-tat
speed), and (2) transient-state [hi.-h-speed) data. S teady-stat

all the measured and calculated parameters for the air .y-ter:,

vaporizer and condenser loop, fuel/air induction cystem, hyr _ ar .

and the pre- and posttest press ire loss measured across tLe tet ."
Transient-state data includes the measured and ca!culated .'cu.e I. al_ ,

pressures developed in the test flame chamber and faci-ty pirir-, la:

cess or failure of the exper'imentaL fiame arrester.

Steady-state data was recorded and calculatea on the TTF -eve e e raTe

Digital Acquisition and Controls System (IDAC) with back-up b, the new -,ar:.
Digital Acquisition and Control System (EDAC). Transient-state data w-,3 re- 1-,,-:

on two high-frequency FM tape recorders and played back on an :scii -al

expanded time scale. Flame speeds and peak pressures were manua-ly scc.ie an
calculated from the oscillograph tfaces. Flame speeds in the test chic'

also estimated from the high-speed motion picture films.

A'l critical control functions were either manually positi-ned -. tLe c -

trois console or automatically operated by tne preset sequence timer. e

operations were selectively recorded using electrical -ontact cl sore, -1.

EDAC, FI tape, or a second high-speed oscillograph. Two strategical> ' e

television (TV) cameras, with video displays in the blockhouse, reonit
fuels system area and the test flame chamber. Two hi.h-speed mo-tion c

cameras also recorded events both inside and outside the test f"Iame o}rrde.

the actual test firings. Visual covera "e and controlled acce:s to the ted7 -
were maintained by a safety monitor in an observation tower 1:,-catei .:v.r tie

blockhouse.

A detailed description of the instrumentation and controls system 1 .

in Reference 2-10. Modifications and new additions that were mace to 1:10

for this test program are described in the followinF paragraphs.

B. STEADY-STATE DATA

The tEDAC system is a new digital instrument recently inlst, lied al

was still in the process of functional checkolut at the time of thi,; r gr.c, .

iL was used as a backup steady-state data computing and re .i ng yvr - '3
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able 4i. Instrumentation and Calculated Test Paramnter N rmt:nc.i; ur<-

(Continuation 1)

St. a.dy-.-tate Units,

Parareters S.1. (Engr.) Description

"'74 °C (OF) Witness section exit temperature

T8I 0 C (OF) Test arrester inlet temperature
TIU °C (OF) Upstream igniter flame temperature
TID °C (OF) Downstream igniter flame temperature

TCH °C (OF) Flame chamber roof temperature
OCL °C (OF) Flame chamber lower temperature
0CN °C (OF) Flame chamber metal temperature

T91 0 C (OF) Exhaust stack inlet temperature

T92 0C (OF) Exhaust stack exit temperature

HCA % 2 Exhaust stack total hydrocarbon analysi-;

PAl kN/m, (psig) Test arrester inlet pressure

DPAI kN/m2 (psid) Test arrester differential pressure-retes'.

DPA2 kN/m (psid) Test arrester differential pressure-Tosttest

PAMB kN/m2 (psia) Test area ambient pressure

Calculated Units,

Parameters S.I. (Engr.) Description

kA kg/h (lb/h) Air mass flow

IF kg/h (lb/h) Liquid fuel mass flow
A/' ratio Air mass flow to liquid fuel mass flow ratio

MFG kg/h (lb/h) Gaseous fuel mass flow

'FC " ratio Air mass flow to gaseous fuel mass flow rato

ratio Equivalence ratio
VA m/s (ft/sec) Air flow velocity through 15.2-cm (6 .0-in.-)

diameter pipe

FXX-FYY m/s (ft/sec) Average flame speed between two adjacent flame
sensors

SX-SY m/s (ft/sec) Average flame speed between two adjacent light.
ports or a light port and the test arrester

obtained from the motion pictures

4-3



.:.O2ait

§ 0 ~each .i'

per' m1 _ -i't . i-e f a ,nit:

t t[ s' t to:a In' ers, r1i

ne n evei l nieux.:j~~~~~-n p rtU , tCIC'At'C ans C

2 a, P051 ~iioi. f tteoQ
at i are .un iet, t 11 e line printer. Th - -'

W4 '" LI ._trIhCl -. ent it'ication, -t-ineerin.- unit13 an
I'aI''LtU r I axtrum -utput at p-TinLs _-f interezt O

1,1e 11t P a-i displays of uip t 10 paraimeter0 wi-h
ilIeer n; units, ana cntact c -suire Status. e s i e a

u r".'.....te patres. High and low limits can, le al-s L-.
t sa si,sna_ is capablIe off operating nr

-3 ti't isei',ndls I e:,ceedini- a limit.

.-(aa 5 tat e ia 1C bith the iDA and RD/V' systems were
- a'h- his Jis-crepancy is reportedly c--

e e E, se f -r a omputer calculati-n between th t,

"to' vr he HDA2 system when totally operati .nal w-,
"'> ,rv lax a .y:,tea. for fo)llow-;,n pro- cams.

tn I with lstand repeated exposure to, ainbien.J
the Iir-ht-bl ue 21 1 o-r -,I hydrocarbon flame haJ t

"" 1 .1 m c'har,,l'er. The Du Mont Type b'91 i hot ni

rz nthe( facility piping were not suzitar le
at 1,a -n e detector tan be deterio-rateu i l':, 1)i

I ir5
ete-' i,: iti bar Lv- th 'se repo-rted in lie:en

i- o~i 1v ot: were us;ed instead. They are the in a
ec' ro thfat have a spectral '

w! '." sI ai rtax ~in. r-e.p )nse at 9000 06 ~
er.' ei na. amrpi n* tiers were to._ t, t

,1 ' iv EhI and ;. '!he ciete,,t,-t' an i
-1-lA a i tour, L x with a phot tibe view i i' pt

" !: ,I. The Cii stJance t'r m the o

jI1 , i;c( the viewi n antr 1 e a.:iee-
-. tno''~'tm rr-:1t) me , the ptv ti'tt

a ' a'''V etct ri nt tie expand in' atu. §' -I



tt!

..: ew, I kixt, :i wii I t the pr piia,, ui r .: 1ie - e- '..e I

e - tee-i iieitz'iie-le t.

t~ rpeak pr i7e was; :.as, .ire3 wil f- rtatha: let-
-ti ressure-typetasuir- i!) ham e it (-tin ra

'zuntai -e.ti' hn e Libre. __nawnre 1 , e on - _ e ii -mike
- -'-t an It- +e r i-.. at passae ast he nch " am' hre s

In , ijtalr- - tney -Im';1tane.u y se3ed the .e !

peetraoihe tphria ugh textest arresters. two lif j tes e plare ceo-
utiler tubhe typc a-tno, pe-,,:e ) hoo tic type.i- Thpe pres

we-all quartz-crystal piezoelect ri c-type transducers fV ush-iilt-ouned

in -tht'lle n~e i nitr scti-n ndstabilizer sectir n

p.u.n- t rec-rd flamre pro paj 'atien uIp to) these cpcCatames. Ae ie-et
* stopped any further flame lenetratio)n hey- nd this p~int intro the

lam'e sens-rs and pressure senso)rs lo.cated i:. the Siat-i
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D. lIAS-SAMPLE ANALYSIS SYSTEM

Tlhe ,,as-sample analysis system used for this program is desocibe = I ..
in heference 2-10. Briefly, it is ain on-line system that utilizes a r.

h0 T.tal Hydrocarbon Analyser insurument combined with a (JV iesigne and -

onted air Jilutirn and calibratior system. The analyser autmaticall., ard.
tinu-.<usly measures the concentratLcon of hydrocarbon in a flowinF tcao c pe
utilizinri the flame ionization method of detection. It was calibratei
pane C3) and air mixtures. To analyse other hydrocarbon foel and r ", '?,

the number of carbon atoms per molecule of fuel had to be in a ratio- that

propane. A flow system schematic drawing of the complete gas-sample analyzI-

system is shown in Figure 4-2. A listing of the fuels and their propert ies }00

are used in this program is given in Tables 2-1 and 2-2.

The hydrocarbon gas analyser was located as close to the test flame chan.ber

as practical to minimize response time. It was placed in a steel-walled prote:-
tive enclosure adjacent to the exhaust-burn stack. The gas sample rako was

installed in the inlet elbow of the exhaust-burn stack. A three-way solenoi'"

valve provided a gaseous nitrogen purge through the sample rake when n:t in
Analyser response time after activation of the three-way sample valve was appr :x-

imately 30 seconds. Figure 3-7 is a photograph of the protective enclos;re
housing the gas analyser lo~ated next to the exhaust-burn stack.

E. PHOTOGRAPHIC DATA

Two motion picture cameras were used to record every test firing. Une
camera was positioned outside the flame chamber with a view of the entire test

section assembly. Operating at 32 frames per second, this camera recorded the
rupture of the flame chamber diaphragms and the extent of the emitted flame plume.

The other camera was positioned adjacent to the flame chamber observation window

with a view of the inside of the chamber, including the upstream igniter and the
downstream face of the test arrester. Figure 1-3 is a photograph of this camera

installation. Operating at 100 frames per second, it was possible with this

camera to record the propagating flame front inside the chamber. Four light
ports, equally spaced on the opposite wall, provided reference points for deter-
mining distance traveled. A schematic drawing of the flame-chamber canera instal-

lation is shown in Figure 4-4. The distances traveled by an expanding spherical
flame, when viewed by the camera, are indicated between each adjacent light port,
and from the light port in line with the igniter to the face of each of the h-ur
flame arrester test assemblies. By counting the number of motion pictore frames

required for the flame front to traverse these known path lengths, the lapse

time was estimated and the average flame speed was calculated. The flume speeds

obtained by this method will not necessarily agree with those calculated from
the flame sensor data, because of the different sight locations and viewing
angles, but they are of the same order of magnitude. Figure 4-5 is a .;elete

series of six photographs taken from test motion picture film showing , t Vie .e
air flame propagation from ignition to sustention on the downstream fa.'e :.* * i~e

dual 20-mesh screens arrester. Figure 4-6 is a similar scries of phot ,,-raph:

showing a toluene/air flame propagation from ignition to penetration infto the

open ended facility piping, causing an eruption of flame from the pipe.
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*h. ; .•.. . .

b) 7.8 t,-, 9 .30C (i00 to 200 0F) = 4 11 %

c) 93.Y to 148.90- (200 to 300 0 F) = ± 0.85%
I 1i48.9 to 204.4°C (300 to 400 0F) = + 0.65%

(e) 204.i4 to 276.7 0 C (,00 to 530 0 F) = ± 0. 149%
f) 2-6.? to 1260°0 (530 to 23000 F) = + 0.43%

(4 Uncertainty for air-velocty or air-mass-flow ca1 .ai ,-.Is 4 +.7

ot' value.

5) Uncertainty for liquid-fuel-mass-flow calculation is ±1.93 0

(6) Uncertainty for gaseous-fuel-mass-flow calculation is ±2.88-

Uncertainty for calculated air-to-liquid-fuel mixture rati: ,nj
equivalence ratio is ±2.65% of value.

(8) Uncertainty for calculated air-to-gaseous-fue mixture rati aod
equivalence ratio is ±3.41%.

Using the uncertainties listed above, the maximum uncertainty th,'. -au ,,e
expected for the measured and calculated steady-state test parameters ass, i--e.
with the average value at standard test conditions are listed in Table 4-2.

The transient-state data were recorded on an Ampex Model FR 2200 and an
Ampex Model FR 3020 high-frequency FM tape recorders. Photovitaic detector :'ls::.e
sensors were the primary instruments used to determine flame speeds. 2train-
gauge-type differential pressure transducers were the primary instruments useJ
to measure peak pressure rise in the flame chamber. Flame sensor and pressure
sensor test data, along with pre- and posttest calibrations recorded (n the FN
tapes, were played back on an oscillograph at an expanded time base. The foljLw-
ing is an analysis of the uncertainties associated with transient-state data
assured with a 95% (2a) probability.

(1) The uncertainty of flame chamber peak-pressure rise measurement is
+5.85Z of transducer range.

(2) The uncertainty of calculated flame sensor flame speed measurement is
±5.45% of value.

(3) The uncertainty of calculated photographic flame speed measurement is
±10.07% of value.

The maximum uncertainty that can be expected for measured and calculated
parameters associated with the averaged values of flashback flame speed and peak
pressure rise in the test flame chamber at standard test conditions are listed
in Table 4-2.
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t- 'aniar "Test~u n a

Symbol lc-t.i;

ffe~prss~wPBO ±0.2T 2:, (+ o~

~ ii~:~e~n~ al.pressure DPO 0C03k)/~ .o.

T-L 1i4.0 k'N /m~ (2

..e*.c-, frequency FMF±.8H

1 n.Iressure PGF ±17.2 kN/m i.5zu

li,- t emnperature TGF ±0.9 0 C (±+2.70;

i Iii'e pressure PAl ±0.269 ki/m 2(,D.0-9

2

-- t ibient pressure PAIMP ±O.538 kN/m2  3.0 C)
MA-, ±1.90 kg/h (±.9l/

7A ±0o.083 rn/s (±0.27 ft--;

- lTh masfl ow MF ±0.158 kg/h (-+C - 5 ib,:

:1, i-fuel-mass ratio A/F ±0.35

' -- s flow +P 020k/ 5 29 bhU

r -- '~o-mass ratio)AF o4

-imber )-eok pres.-ure rise DPXX ±121 N/m 2 ( 0 OlC)7 psi,;'

.-tsr :t'linie speed FXX-FYY ±0.19 rn/s (+C. f s,

* 'Iame -rreeil OX-SY ±0.35 rn/s (+Il' " S'
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e li s'oeue inayn foc tcW~e 1

1'et " pe. i t -ie requaired the safety trwer ot t, ei I.
rcnit.. a' ""iut on a headset, and o ntroI n_-nr t e~ e
t ne : a it,:s -t 'it irithts The test stand was norma.ly n2
which' LCeri4 tt 1tr .en access to,- all personnel. Fuel t ran-y-'rs- te. pr<

t v w" eci"me i anAMERconditio-n, wilch cn re
nel t lo w rksh ip area, unless permissio)n was :ova:t ' ,en t
RED c nJit1,u i ,t i c h i s olat ed thle t e st s tand an d t he _'irr . C- e 2
t'rom am.u,.innA was used durintcz aetua-i test..

A mii two men was required at the site .;etrais'fr

test oreparati Cts. Fers~.nnel safety equipment incluJd I-~ hats "a-,-

gloves, 'ire retardant coveralls, and fur s-,ne fuelsI air r1 ir - cis.

Addition- et0 equipment was available including7 mr,_,'ety --. nwr, e- was,-
and thle Fiirex water telup-e system. All o)per atirls, ex..ep" thne rcplao(..ent 0 v
flame,. chamber iiaphragms and the changing of the test flaearser eepr
formed u 3inc ! ru:ial procedures in the focrm ofl check l ist s, with mlida ae

dated and t Lied, and with each step initialed by twoi perso,,ns votne3so:>.. toeem$An i:oniti ni-co)mple tion key switch, which prev.ented Thle artoati n f the -
hydr :cen,, air spark igniter except duriinFg cieck_,its and testipeaim was

lo~catedt at the test stand.

B. t-P:ATIGPRCEDJR E CHECK Ll:rrrr

The foluicis a .iescripti on C, the mperatint, procedures n~id -,e(-k.11
uze I in the flashback flame tests.

cutst y51 em ChIeckou;.ts

a. ccl i, t mary Check. This cheek co)nfirmed proper instal lat i n of thie
item, itistctLme-ntati-,n andi c ontrol_ cable connetions, readiness ofi the itre
prerssurant. tinui ow e sytem, selec-tion of the proper fuels Eupply nde , request e
ph', ogap I' ra.ge, and that the safety . ;stem was o)perat i na'.

L. 'Vect- ernanical. Checkouts. These cnec ks examnined, at the tes7t . r
the I e a' 1 r)' a 1  sy s tem rea d ine ss -by i nd ivi duial rcon f irmat i ,in f pr per I-poe -

ti,< atc-i t r )] in the bliockhouse.

L!LLjence Time r/Emergency Circuiit Checkout. This ch eck ut, peratej t!.t
pceset al ite ma ic s equence timer, wittnut actual fuel flo)w, whitle rec clint-r :2 c r'
elemient r i i non the faci lity osci I rj7graph. Sequence times )C the varl.:

elemeri' o-werc ' nras-ured and adjusted where necessary. The sequen.'ee wn.7 then
r, peat'' I I ii ti shut I wa 111irwi t h1 the eme rigency switch to) confi rmc prope r eice



,eak Ch eck. These checks provided. ae u~s nitroigen syste >ak.
: peratinc pressure for the fuel ,te, foel vap ri zer and ]e.

S inducti n system, and the air- conjo'essor .;ystem.

The fnour checklist or,.cedures described above were net pcrr.e:
re liI est. but were done when speciai circumnstances, such as c :ponen

f.. untiuns, )r severe weather, were encountered.

rantfer Procedures

a. H>r" peliant (fuel) Fill Check Lists. These procedures were jrovide:
ri'erri) r iiuid fuels from their storage containers into the test stand fse-

1,Py tonk. Propane and butane were transferred via their own vapor pressure.
- iquid fuels were transferred from drums by means of an air-mot:r-

Iriven pir p. It was common to expect up to five separate tests in a day, ea-!.
fwhl -. required approximately 4.6 x 10 - 3 3 (1 gal) of fuel. Theref re, tre

•' ..spply tank was topped off for each test day. The gaseous fuel system was
'te simply connecting new pressurized gas cylinders to the suppl.y manif ii.

Pr:opellant (fuel) Offload. These transfers from the fuel supply tank
were e rmally returned to the appropriate storage container. Small quantities

" ane r butane could also be disposed of through the burn stack. Generaly,

:' iel'r the vaporizer/condenser loop remaining in the collector tank were 1.
saia>.'e for recycling and were disposed of as waste. It was necessary to espty
the c Ilector tank after every two days of testing.

Test Preparations

The Test Preparations Check Lists for instrumentation and test systems were
'mpleted concurrently on the day of testing. In the blockhouse, all patchb-ari
,,nections were completed and instrumentation was setup. An end-to-end instru-

mentation system calibration was performed. At the test stand, various safety
check and facility setups were made: condenser cooling water was turned on, the

t ydrcarb-n analyzer was put in operation, and the hydrogen and air gas pressures
were a.iusted or the igniter. At the control console, the air compressor was

tar~Aeo and the air flow adjusted by means of the air metering valve and the air

L vypacs valve. After the air system temperature and flow were stabilized at the
esired values, the test flame arrester pretest pressure loss was measured and

* recorded.

The fuel vaporizer heater was activated, and nitrogen purge gas flowed
thr,7h the heater coils and into the condenser for the preheat cycle. The test

n safety condition was changed from GREEN to AMBER. The fuel supply tank was
pressurized with nitrogen up to the desired operating pressure. The vaporizer
heater nitrogen purge gas was turned off and fuel flow was metered at a low level.
Fie fuiel f'low was increased up to the desired test condition as the vaporizer

heater reached the operating temperature.

Final visual checks were made of the test stand area, and the ignition ca-
c 'ti n key switch was turned on. All operating personnel evacuated the test
:tan area andh its afety condition was changed to RED.
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BI1ckhuse roparat

:.il ,an ane ,w into o:,.ti,:n con:trPaen. .Iw. tis o e .- te. t"

their r:eratiri.- p: siti . , th(, test mondlt 'Io w.r, rvm ewe " rnd c r' e .

p:retest instrumentti n -'ti'lb r't I n was re.c r ei an t< Int ,,n T. r ce, ir,-i >

'It o, ,wn

tvpica- "countdown" pro¢cedure f ilows:

(i) An announcement was made over the public address system to alert re -

nei in the general area that a detonation may occur. Generally, th-
detonation noise was very intense and sharp, capable of creating a.
indirect hazard. A horn signal was also sounded.

2) T!he !D'AC tape, EDAC tape, printer, an oscillograph were turned ,. 0 a
SLOW SREED.

3) The hydrocarbon analyzer purge was turned OFF, allowing the analyzer t
sample the fuel/air mixture flowing thro ugh the exhaust-burn stack.

(4) The fuel mixer valve was changed to the RUN position, allowing fue-
flow t the test piping for the first time in the test sequence. The

burn-stack-purge valve was opened tc sweep out combustible gases fr-.
the collector tank vent line. The oscillograph was turned (FF.

(5) As the fuel/air mixture traveled through the facility pipini- and into
the ilame chamber, the hydrocarbon analyzer responded with a stead~iI
increasing signal. The countdown timer was then stopped fcr a HOL-
peri d, while fuel flow and air flow were confirmed or adjusted, it'
necessary. During flame chamber testing, the time required for the
mixture ratio of chamber exhaust gas to reach the desired leve] ran-e
frm 2 to 27 minutes due to differences in chamber te-.peratoire, foe.
density, and fl v-through characteristics in the test chamber.

6) When th~e COUIITLw, resumed, the iDAC tape, EDAC tape, and printer
were switched to CONTINUOUS MODE and the oscillo-raph and 'novie camera
were turned ON. The vaprizer heater was turned OFF !'lame ,hasiber
tests nly) t- prevent electrical switching noise , the ,iata traces
during the test. The high-frequency FM tape recorder was turned 0[I.

K y ) The hydrocarbon anal.yzer plurge was turned 'N, again isolating it fr ,
the test system to, pr- t'ot, it. from possible pressure pulse i:age.

Valves were actuated *,, the C!.t1SF) positi,)n to iso!late the ]-w-press:ro
t sns ucer fro m p~s 1be pressure pulse damage.

5- 1



ie; ,, juen-1, ac tr, i-e! t-antrmezr, energizing- p.thez

een tIe ie- -le Ie thew st was terminatel. by :-pfr-
sw'Vh r" '-am~ he chamber tests,* this

n. e, rI ., tu.tained burning tests,
1 Lh;rTvy irin te a:ter in-t4 -1 or when flame penetrati'r.

A TheA EM-EE: "I 1 ~'-ht-, ee the fulliwing events:
!!r :a-e was -witcl -1 f:r m HUN to CO)NDENSE position, vapoDrizer

T, rned N, yap rizer neater was turned OFF (sustained burniing

ni'ylt -tank ressr et aduer werei vented SE and fstelC>

~a pewrne oln teJ intrF ntFin

:"c- pply tank pressure transducers and the test arrester pressure

trnsu-rs were renpened to the test system and all instrument at i,'n

o-ipresscr air flow was maintained to purge residual fuel and combusti, n
dy-~ uets- from the test piping.

ndil~i,n was changed to AMBER. Reenterin personnel inspectedi
ri- assemblies, and replaced discs as required. The posttest flame

;,es :reI ss was measured and recorded. Chamber diaphragms were
(i~it f f 1ame chamber tests.

rpa.te. ' was t, be made, the hydrocarbon analyzer was checked 9 ut.
j .Pr eduire wo-uld then be restarted from the point : f turninuc

'if :%.-t. test Cthe day, posttest end-to-end oalibration of the
tnwar' mIate(. Fuel in the induction system was pushed back
-iant Ihe :syst;en thoroufghly purged with nitrogen gas.
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Immediately after each test, the data recorded on the FM tape recorder was

played back onto a quick-look oscillograph at an expanded time scale of 8 to 1.

This data told the test conductor that he did or did not g'et ignition, that the

flame arrester quenched the flame, or that the flame penetrated through. If the

flame arrester was penetrated and the flame speed was high, a playback record was

made of the FM tape data at an expanded time scale of 32 to I frr greater resi-

lution. These records were then analyzed to determine flame speeds and peak

pressure rise data.
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FACILITY CiiECKOUT TESTS

A. SU2SCALE FLAME CHAMEER TESTII

A series of tests were made to check out facility systems inst._- ...-
-y f)r the flashback flame tests. The initial tests were r:al- i:-'

chamber wnile the full-scale chamber was being fabricated. bh,,se .-
ductel to evaluate the new hydrogen/air spark igniter system, the p iT
reduces required to fill an enlarged chamber with a cmbuo3tiltie 1 I, e :
that c,;uld be verified with measurements on the total hydrocarn, n ' ,
effectiveness of the frangible plastic chamber diaphragms, atd, fi*:±n.5,
extent and nature of the problems associated with the flame pluve e' .ire
both ends of the test chamber following the diaphrag<m rupture.

,he subscale chamber shown in Figure 6-1 was made from an exist pie e

<f steel pipe 0.91 m (3 ft.) in diameter and 2.13 m (7 ft.) long. was r ' ,tel

,_)! supports at the exit end of the facility piping. A commercial reo-V-i s re-:.-
flame arrester housing was intalled downstream of the witness secti -I fr these
cnecK-out tests. Frangible diaphragms made fr-m 6-mil-thi k black p <:ethy~en
plastic sheeting covered both ends of the chamber. A nominal 15.2-cm- xb-ln.-
diameter hole in the upstream diaphragm provided entrance for the 'u air i, r
and a nominal Y. 6 -cm- (3-in.-) diameter hole in the downstream diapnr'r'm pr vldi,

the exhaust exit. The gas sampling probe for the hydrocarbon analyser was

positioned at the center of the downstream hole. The hydrogen/air spark i.-niter

was mounted on a length of pipe in the oenter of the chamber, such that the 1, imtl
)f ignition was at the axial center ine. A hih-speed moti, n picture camera
viewed the interior through a windw port in the hbtt m of the flame cnamber.

Seven test firins were made in the subscale flame chamber using gasoire
air mixtures at an injecti n equivalence ratio ranging frn 1.1 t,- I. (A, F = .29

to 11.2.). The injection ve; city was i.52 m/s (5 ft/s) through the 15.2-cm-
( 6 -in.-) diameter piping-. Three tests were made with a dual <]-mesh soreen
arrester installei in tne Pres-Vac housir<, and four were made with the arrester
screens remved. Eneri-etic fanmes were recorded in the chamber when igniti-tn was
made after the hydrocarb)n analyser measured an equivalence ratio of 0.7 (A'F =
20.(3d) or higher in the exhaust flow. The flames entered the piping on every test
where the screen arrester was removed. On the first tw) tests with the screen
arrester installed, the flames were quencned. hiowever, on the last test the flame

did penetrate the dual 20-mesh screen arrester and enter the facility piping.
The motion picture data from this test sh-wed that the hydryelidair spark igniter
was still burning at the time the propagating, flame entered the arrester housing.
This w , d have resulted in excessive flame speed that caused the arrester fail ire.
r',sttest inspection revealed nl damage to, the s<reen arrester.

Both chamber diaphragms ruptured and burned )n all tests. The peik chambt-r
pressure rise recrded ranged from 2.07 t., 2.76 kN-'m (0.3 t , 0.4 psi i The visibl,
flame plume emitted from bt h ends of the chamber t>: ended for k iistunce -f ab lt
I m (3.3 ft.). All instrumentation and cabling within this ara reqired
protective cvering. The audible noise as'socialed with diuphraim rilre was
Flashback f lame in the facilil y piping- di i not pr Au' e det-mati nn.
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_tie i -niter wan reiocatei to the center f' the -nar ber a!,, he ,.t ':.
we re rel wateU. With this :i'inurati n, the f'lame stns rs re- :d rra-
-ati,:n i:i b th the upstroc: . , Iwnsream dire bti."n r behar'. te"
w.: : wn ,ut. 2a'cu'ate- i'. e speIs iuno e f-e iro i . .
an,: c 'lame did not penetrate the sc:reen arrester. A!l cha:.ILer pre::su-'e se.'
sim ultane )usly recorded a peak pressure rise around OCO0 "I/m
be,4 ct the diaphragms ruptored.

!he igniter was relocated to the upstream position, which placei the ri:.t
sorce )f ignition only ;'6.2 cm ,30 in. ) from the downstream face of the scren..
ne test firing was mace with this configuration where the flame penetratel t:.r
the screen arrester and into the facility piping. Posttest inspectimn oid nol
reveal any damage to the screens. Motion pictures taken of this test showed the
itgniti mn sequence and the rapidly expanding spherical flame front. it was esti::,atei
that the flame speed was in excess of 15.2 m/s (50 ft/s). This unuso..lly nigh fiame
opeed was most likely caused by the localized influence of the hydrogen/air spark
ic-niter that was programmed for 2.0 seconds duration. The igniter duration was
reprogrammed to only 0.2 seconds (200 ms) on all subsequent tests; this eliminJtei
the high initiation flame speed.

When the igniter was relocated to the downstream position, a 1.52-m- (5-ft.-)
diameter aluminum plate was installed to cover the central area of the plastic
diaphragm on the flame chamber exit. This flame shield covered about 40% of the
total exposed area and delayed the rupture of the diaphragm for a sufficient len.-th
of time to allow the flame to traverse the length of the chamber. MP tion pictures
taken of test firings after this modification showed that the flame propagation
path was predominantly in the lower half of the chamber. it is believed that
this is caused by gravitational stratification of the fuel/air mixture as it
enters the chamber. The 1.52-m/s (5-ft/s) injection velocity is not sufficient
to produce turbulent mixing within the large chamber volume. It is, however,
representative of the worst-case condition of a fuel storage tank venting vapors
on a calm day. The results would be a flammable concentration of fuel vapors
collecting in the tank area, causing a very hazardous condition. In the test
chazrber, the stratified flame produced very inconsistent readings on the flame
sensors m-unted along the horizontal center line. To correct this situation,
the flame sensors were relocated along the top center line, where the field f
view looking down into the chamber included the low level flames. The resultin
flame speed measurements were much more consistent.

The flame screen assembly, which is mounted in the center of the Pres-Vac

housing, was 20.3 cm (b in.) upstream of the exit flan <e. In this position, the
screen surface was not visible to the motion picture camera and the flashback
flame impingement on the surface of the screen could not be photographed. For
the last series of checkout tests, the Pres-Vac housing was replaced with a sh~rt
i5.2-cm- ( 6 -in.-) diameter flanged pipe spool section to provide the adaptor
mounting for the screen flame arresters. The screens were installed between tw,
flanges at the pipe spool exit, where they would be in full view of the moti:n
picture camera. Figure 6-2 is a photograph ,-f a single 30-mesh screen arrester
mounted in the pipe spool adapter. Two) test t'irins were made with this test
assembly osin', propane and air mixture at an equivalence ratio of 1.1 and a flw
velocity of 1.52 m/s (5 ft/s). Both the upstream and downstream igniler psiti ns
were used. Flame speeds from 4.5 t,) '.62 m/s (15 to 25 ft/s) were reo rded ano
the flame Aid not penetrate the sing-le *O-mesh screen arrester on either test.
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startei to evaluate the four selected types of flame arresters with je (-,r mr- ce
r the eight preselected fuels. To reduce the number of pssible tests, a stanua'I

test condition was established that would use an injection equivalence ratic- (I.0
o 1.2) producing the theoretical maximum flame speed for the par-ticular fuel/air
:ii.xture in use and an inlet piping fClow velocity of 1.52 m/s (5 ft/s). ignihi(n
wvuld be initiated at an equivalence ratio (0.7 to 0.9) well above the lower

'lammability limit as measured by the total hydrocarbon analyser sampling the
mixture flowing in the exhaust-burn stack.
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SECTION VII

DESCRIPTION OF FLAME ARRESTER TEST A-SEM$LIF1:

A. GENERAL

The U.S. Coast Guard has approved the use rf brth a single 30-mesh screeri ,rj
the dual 20-.nesn screen configuration for screen flame arresto-r: n U.s. fla -

vessels. Their purpose is the prevention of flame passage !r , the 'pen dek
into carg tanks through vent outlets, ullage ports, hatches, -r butterw rlth

plates. Th- wire cloth material used for these screens mu.t. be resistant t, -he
marine environment, i.e., resistant to chemical corrrsion arid salt water rustiric .

In addition, the wire material must be resistant to high-temperature ,xidati n

in the event an accidental flame impinges on the screen surface for a pr ,-inoed

period of time.

These requirements served as guidelines for the selectin C flame scr-een

arresters to be experimentally evaluated as part of the U.S. Co ast Guri fu1e2

portion of this program. The NASA funded portion was directed at evauating- tw

generically different types of flame arresters, namely the spiral-w~urd, crimp,;

metal ribbon, and the packed bed of Ballast rings. These two types o" Clate

arresters have been shown to be very effective in quenching gasolin-'air mixt tre

detonations in a piping system, as reported in Reference 2-10. The pr-pgatir,-"
flame speeds for detonations were in excess of 1800 m/s (5906 rtis). t rem: 7
to be demonstrated that these arresters are also effective against flaes wii 0
speeds in the range of 1.5 to 9.1 m/s (5 to 30 ft/s), and that they remain eCC-
tive under sustained burning test conditions for periods up to 30 minutes.

B. SINGLE 30-MESH SCREEN ARRESTER

The single 30-mesh screen arrester was made from standard-,grade stainless-steK!

type 316 wire cloth having the following dimensions:

Mesh size: 30 x 30 per lineal inch
Wire diameter: 0.033 cm (0.013 in.)
Hydraulic radius: 0.0516 cm (0.0203 in.)
Open area: 37.1%

The type 316 stainless-steel wire is highly resistant to chemical corrosion and

rusting. It will also resist thermal oxidation at temperatures up to 760 0 C
(14000 F). Nichrome wire has a higher thermal oxidation resistance, up to 9720 C

(17000 F), but is less readily available in wire cloth weaves.

The single screen, with a Vellumoid gasket on either side, was installed

between the exit flange of the 15.2-cm- (6-in.-) diameter pipe spool adapter and
a bolted-up, slip-on flange used for clamping, as shown in Figure 6-2. The fiil/
air mixture flow velocity in the facility piping varies inversely with the cross-
sectional flow area, therefore the standard 1.52-m/s (5-ft/s) flow vel city in-
creases to 4.1 m/s (13.5 ft/s) in passing through the 30-mesh screen .ttached -it
the end ct" the pipe.
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F. PACKED BED OF BALIAJOT R11;- ARRiT>J

The configuration for the packed bed of Ballast rings arrester w:s,:
developed during the parametric phase of testin,- reported in ieferen:c 2-i, .
hus the fIlowing optimized dimensions:

Bed diameter: 25.4 cin (10 in.)
Bed length: 45.7 c-:- (18 in.)
Bed volume: 3605 cc (1419 cu. in.)
Packing material: aluminum Ballast rings
Ringr size: 2.54 cm i.0 in.) in diameter

2.54 cm (1.0 in. lonj
Open area: 60% (estimated)

The rings were randomly packed in 25.4-cm- (10-n.- diameter fla. -e I P
housing and hed in place with an expanded metal grid, as shown in Fiou. - . -
fianged concentric pipe reducer, 25.4-cm to 15.2-cm (1O-in. t2 6 -in.) iia e'e:,
adupted the inlet end of' the arrester h,using for installation :n the ei
facility pipino2 as shown in Figure (-6. The estimated fuel/air mixtre
velocity through this arrester at the standard test condition was ar,',uni 0." ::.
<3.0 ftis).
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20 A!, it't _ L !i CWO ''rCjo the r S '

eI e.7 sc ree r.i no test were roe ."' poa
I!I u. I e ] (,r.iit 1)n where the injecti n equi o-_(,rt was

1il time reqired t , btain oir n'.1 ; t: eWs6OLc,_nds. The no minal equivq enc e rat: at icn- o
- I / as measuredi by the total h.,dr carb1 n anayser ai

rIn the exhaus-horn stack. :ests were mane with tnue
e.;: :.ree and the sin-'1 e 30-mesh screen arrester uisino , :

and' wn, reari iFgniter po;sit ions (Test Cc,_nfitgoratio)n Hs 1
4 ot i , and combustioDn was achieved o-n all test firinrs. The a

-an"-i ii.t penetrate either o)f these screen-type arresters -n a'n"

e up. re~ igniter position produced an average flame speed bet.weer tlhe
- .3u1,ce f' i -nition and the arrester (F81-F82, Table 4-i ) that me m sue-

P t s). The flame speed moving in the direction o)f fla-w down orn-
'co ej_:to t_ an average of 13.6 n/s (44.6 fti's) before it exited the Amt'o

I tioe *t1aiie chamber (F86-F87). Averay peak pressure rise in the chamrbe!,
>t7 anoled from 1139 to 974 N/rn (0.165 to 0.141 psd. AI ~

r the.e tests is shown in Figure 8-2. Also shown cn this Fy -t are
i n the facility piping- that occurred on the last checko' it test,

*L, rr.-e was not installed. The flame entered the piping (F8.-FT7i n
and accelerated up to 18.9 in/s (62.0 ft's) at the acililv

!n.-F:-) A tabular sumary of averaged flame speed data and
r'o re data is presented in Table 1-1. A tabular summary ~f al]

.................e '0-is presented in Appendix B and a tabular summary ,1fa
i" '-. .~e iata is presented in Appendices C and D.

ILh ojvfr'a -e flame speeds recorded in this test chamber when usinto the iaw
ni:'p iti-n (Test Configuration Nos. 114 and 115) were moire unli'

i -,!i we T:, eas shown in the data plot, Figure 8-3. A maximum *I:4
:-8 ft/) occurred just upstream of' the igniter (F86-F371 J *1k' :-opeed prcopag-ating against the direction of fl-i-w (upstr~a. .

0 ',)., ft/is). This is about one half the speed obtained usIt ilt, h
S 'trpositionr. Peak pressure rise data were also mcre oni: rii'l'',

<"with an averaged value of' 810 N/in (0-117 psid).-

1 tc,;ut, of' these 'irst screening tests indicate that both the Iua.
o'oarrester andi the s.ingle 30-mesh screen arrester are ef :~i

;dII~~i l 'a.hback fi-ames with a nominal flame speed up t , 6. ns . I
o 'e test c )ndit ion in the fl1ame chamber is pruduoebi when oci i,-nlt'

in't" tho ujpstream position. The flame speed data obItnined fr Uii h
t*-t'f u' Cins cforroborate these test resuilts. It was apparenit nf ',

Ithe (be ree C intens;ity (brig-htness-) in the propag-ating7 flu e I
t-l*t hr e"I I us 1, )ptimum fuel /ai r mixture rat i andi hi,-oher lv

to rt11ece. When the upstream igniter positi on wasi 'ised, i ci 'P1voi
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TEST No$. 1495, 1496, 1499, 1504, AND 1512 2000

20 CONFIGURATION Nos. 112, 113, 116, 123 AND 132

0 AVERAGE FLAME SPEED IN CHAMBER

A FLAME SPEED IN PIPING WITHOUT ARRESTER

16 0 AVERAGE PEAK PRESSURE RISE IN CHAMBER 1600
f SPAN OF ALL DATA

T T Tz
SI /

012 1 200

F21-FI2

18.94 m/s I I .

FLAME ARRESTER J 800
B LOCATION

FLOW E

4400

3 2 1 0 1 2 3 4

- UPSTREAM - - DOWNSTREAM -

IGNITER LOCATION
DISTANCE FROM IGNITER, m

Figure 8-2. Propane/Air Mixture Using Upstream
Igniter Position Test Results

20] I I

20 -2000

TEST Nos. 1497 AND 1498
CONFIGURATION Nos. 114 AND 115

r

16 0 AVERAGE FLAME SPEED IN CHAMBER 1600
0 AVERAGE PEAK PRESSURE RISE IN CHAMBER

I SPAN OF ALL DATA Z

e NOTE: NO FLAME PENETRATION IN PIPING 20

12 - 120

T I T I

8 Boo

FLAME ARRESTER I I.
LOCATION J-

4- F~~LOW E~ j 0

0 I IR I I II I I I I I 1 0
7 6 5 4 3 2 I 0

UPSTREAM -i

IGNITER LOCATION

DISTANCE FROM IGNITER, m

Figure 8-3. Propane/Air Mixture Using Downstream
Igniter Position Test Results
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.ife e a'e.er' ting upstrea-m through the center ccre ',-w
......e .t.h .... ture :t it expanded from the facility pipin. The ,

! e 'h e expa iin- plume became stratifie] by Fraxita, " nu.
, .: he heavijer hir -,art n vapors settled to the bottom -4f the test c-ll, -' 'er.

I wllstreo 1100iiter p niti was used, the propagating flamne I- u-I Le
,. Iill:.. i,_etrateli mainLy in the lower half of the chamber with

c, u -,nA ie :'anule r; nt moving relatively slowly upstream .
,-e Itne 1.ri,-hitanss and accelerated in speed as it pr Iqrese , p

- t ue .t :,m ter installed on the facility pipin-.c

.................... . . IXTUR CREENING TESTS

. i- -eries screening tests were made with an ethylenesair mixtore

lilt"ao, i test cnditions. The injection equivalence ratio was i.15 , F =
.iaxirim flame speed. Fill time required tc charge the fla.e charmber

wi tl ,a bortibWe mixture ,of this gaseous fuel was reduced to 400 secnds. The
n :i:e!eqoivalence at the time of' ignition was 0.70 (A/F = 21.1). F th the iual
<-eh~ 3oreen arrester and the single 30-mesh arrester were used in these Test:-

witn up tream and downstream igniter positions (Test Configuration Nos. 117 ti

A ir 1er-. started on the first test when it was discovered that a sustainei
fame :ee ped inside the exhaust-burn stack piping during the chamber fillino-

it is believed the flame originated from the natural gas fired
blic~er at. the t p -f the stack. Once the ethylene/air exhaust reached a flammabie

:T,:ture Levei, 71 f'lashback flame from the burner impinged on the exit arrester.
"Le rei hi-h flame speed of the ethylene/air mixture and the low flow
-elocity at this location allowed the flame to penetrate into the core of the
o i-'e ter. it heated the stainless-steel crimped ribbon up to the spontaneous

iitin )temperature ():90'C) for ethylene fuel. At this point, the flame passed
t h the exit arrester, propagated up the piping, and held on the d)wnstream

c ' the inlet arrester. Other than blistering the paint on the outside of
p[[r m, this caused no structural damage.

In the inlet arrester of the exhaust-burn stack had a core element made of
in, crimped aluminum ribbon. It was four times as long as the exit

reste', 15.2 -m (6 in.) compared to 3.8 cm (1.5 in.), and approximately the

0  iewreter. This larger mass of metal, having higher heat capacity, appar-
*uvLy prevented the lean ethylene/air flame from penetrating through the inlet
arreteo. Cr,nsequently, the exit, arrester was replaced with a unit similar to
the inlet arrester. The results indicated no further incidents of sustained
names in the exhaust-stack piping and the test program to evaluate screen-type
arresters using ethylene/air mixture flames continued.

Tho average flame speeds recorded in the flame chamber when using the down-

stemu, ignter p~sition (Test Configurations No. 119 and 121) ranged from

7.8 m/s (25.6 ft.s) at the igniter (F86-F87) to 4.4 m/s (l14. ft/s) at the
arrester (F8]-F82). The average peak pressure rise in the chamber was 931 N/m'
(0.5 psid). A plot of the test results are shown in Figure 8-4. Both types
f :"teen fCLame arresters were successful in quenching these ethylene/air mixture

hbM'k flames.
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TEST Nos. 1501 AND 1502
20 - CONFIGURATION Nos. 119, 120 AND 121 2000

0 AVERAGE FLAME SPEED IN CHAMBER

ZS FLAME SPEED IN PIPING WITHOUT ARRESTER

16 0 AVERAGE PEAK PRESSURE RISE IN CHAMBER T 1600
- SPAN OF ALL DATA T

F21-FI2 z
E > 1800 m/s (DETONATION I)

6 12 1200~FLOW E, ,
FLAME ARRESTER I ,~~LOCATION 6 - .. .

.L Boo

4 400

IU

0 1 32
7 6 5 4 3 2 10

UPSTREAM j

IGNITER LOCATION

DISTANCE FROM IGNITER, m

Figure 8-4. Ethylene/Air Mixture Using Downstream Igniter
Position Test Results

When the arrester was removed from the end of the facility pipe, the flame

entered the pipe (F81-F73) at a speed of h.9 m/s (16.1 ft/s) and accelerated to
a detonation at the inlet arrester (F21-F12) with speeds in excess of 1800 m/s
(5905 ft/s). The detonation did not produce any damage to the test facility
systems.

The average flame speeds recorded in the flame chamber when using the
upstream igniter position (Test Configuration Nos. 117, 118, and 122) ranged from
6.6 m/s (21.6 ft/s) at the arrester (F81-F82) to 16.3 m/s (53.5 ft/s) at the

downstream chamber exit (F86-F87). The average peak pressure rise in the chamber

was 1102 N/m2 (0.160 psid). A plot of the test results are shown in Figure 8-5.

The single 30-mesh screen arrester was successful in quenching all flashback
flames, whereas the dual 20-mesh screen arrester failed to quench any of the

flashback flames in three test firings. The flame that penetrated through the

arrester screen housing decelerated briefly to 3.9 m/s (12.8 ft/s) in the facility
piping (F81-F73), and then quickly accelerated to a detonation before reaching

the facility inlet arrester (F21-F12). Posttest inspection of the screens fol-

L(,wing each flame penetration did not reveal any damage to the screen wire that

could have caused this failure.

The results of the second screening tests indicate that the single 30-mesh
screen arrester is effective in quenching flashback flames with nominal flame

3peeds up to 6.6 m/s (21.6 ft/s). The dual 20-mesh screen arrester is not

effective at this higher flame speed, and the limiting flame speed will have to
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TEST No. 1500, 1501, 1503, 1505, AND 1511

20 CONFIGURATION Nos. 117, 118, 122, 124, AND 131 30.3 32.3 - 2000

O AVERAGE FLAME SPEED IN CHAMBER
,A FLAME SPEED IN PIPING AFTER PENETRATION -

O AVERAGE PEAK PRESSURE RISE IN CHAMBER
16 - SPAN OF ALL DATA - 1600T T T E

F214F12 j

12 (DETONATION) 1200
FLAME ARRESTER '-
LOCATION

FLOWU>±

88

4 400

0 0

U \U tU LU U.'A

0 I I L I I I II 0

4 3 2 1 0 1 2 3 4

- UPSTREAM i.- DOWNSTREAM

IGNITER LOCATION
DISTANCE FROM IGNITER, m

Figure 8-5. Ethylene/Air Mixture Using Upstream Igniter
Position Test Results

be deterwined from additional tests. The upstream igniter position again resulted
in the n.';re severe test cnnditions when using ethylene/air mixture in the flame

test chainber. !hotographic data of flame speeds taken from the motion Picture
:'iims ~crr iborated these test results. In accordance with the logic diagram,
Firure 8 -1, the follow-on alternate fuels tests were limited to using the
opstreari igniter position only.

S' NAT Mi: XTURE TESTS

The first series of alternate fuels tests were made with a gasoline/air

mixture at the standard test condition. The injection equivalence ratio was
I.10 (A/F = 17.29) for maximum flame speed. Time required to fill the test

,-hamber varied depending on the ambient temperature, but averaged around
900 seronds. The nominal equivalence ratio for ignition wos 0.70 (A/F = 20.89).

ests were made using the dual 20-mesh screen arrester, the single 30-mesh

L3'reen arrester, the spiral-wound, crimped stainless-steel ribbon arrester, and

the packed bed of" aluminum Ballast rings arrester (Test Configuration Nos. 125
to -30). All tests were made with the igniter in the upstream position.

The average f'la.e speed between the igniter and the downstream face of
the test arresterrs (F81-F82) was h.22 m/s (13.3 ft/s). The highest average

ftlame speed was measured just downstream of the igniter (F82-F83) at 6.01 m/s

8-7



(19.7 ft/s); from there it decelerated to only 2.92 m/s (9.6 ft/s) at the flame
chamber exit (F86-F87). Average peak pressure rise in the chamber was around

1018 N/m12 (0.18 psid). Without any arrester installed, the flashback flame

entered the facility piping at 2.00 m/s (6.6 ft/s) and propagated upstream

reaching a speed of 5.44 m/s (17.8 ft/s) at the facility inlet arrester (F21-F12).
A plot of the results from these tests is shown in Figure 8-6.

The dual 20-mesh screen arrester, the single 30-mesh screen arrester, and
the crimped ribbon arrester were all successful in quenching the flashback

flames from the gasoline/air mixture. The packed bed arrester, in the original
test configuration (No. 129), was unsuccessful in quenching the first three fir-

ings. Flame sensor data actually recorded an acceleration in flame speed during

passage through the bed of rings, possibly caused by induced turbulence. A

single 30-mesh screen was inserted between the downstream face of the bed and

the retainer grid as shown in Figure 8-7. This test configuration (No. 130) was

retested using the gasoline/air mixture, propane/air mixture, and ethylene/air
mixture. It proved to be successful in quenching the flashback flame from all

three fuel/air combinations. During the testing with ethylene/air mixtures,

there was evidence of slight pressure spiking in the facility piping 25 seconds

after ignition and concurrent with the lean blowout of the flame holding on the

downstream face of the arrester. Posttest inspection of the arrester revealed

no damage to the screen wire, but there was discolo.ationindicating that the

impinging ethylene/air flame had heated the screen above 550
0 C (10220 F).

20 TEST Nos. 506, 1507, 1508, AND 1510 2000
CONFIGURATION Nos. 125, 126, 127, 128, AND 130

03 AVERAGE FLAME SPEED IN CHAMBER

& FLAME SPEED IN PIPING WITHOUT ARRESTER
16- 0 AVERAGE PEAK PRESSURE RISE IN CHAMBER - 1600

I SPAN OF ALL DATA
T z

T T I

12 I T-, II I -2D

-J 0." 8 -80D
F2B-F12 FLAME ARRESTER ./ "

5.44 n,, LOCATION

FLO 1= C IIII i I I I

4 2400

4 3 2 I 0 1 2 3 4

UPSTREAM DOWNSTREAM
IGNITER LOCATION

DISTANCE FROM IGNITER, m

Figure 8-6. Gasoline/Air Mixture Test Results
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second series of alternate fuels tests was made with methanol/air

i x' ir. a* standard test conditions. The injection equivalence ratio was i.
f for maximum flame speed. Time required to fill the test chamber

1 o 0 seconds, because of the cold ambient temperatures and the low
.'i ty of methanol. The nominal measured equivalence ratio at ignition ws

3.t) 'F = 9.38). Tests were made with the dual 20-mesh screen arrester
:utni tfhe single 30-mesh screen arrester using the upstream igniter position (Test

nf i7urat ion Nos. 133 to 135).

average flame speed between the igniter and the downstream face of the
• t,<-:,es5ters (F8I-F82) was 4.35 m/s (14.3 ft/s). The highest average flame

.,=*a-ured just downstream of the igniter (F82-F83) was 5.52 m/s (18.1 ft/,s).

L'w;- -me sensors at the exit of the flame chamber (F86 and F87) were inopera-
,+ve ?1e o weather conditions. The average peak pressure rise in the chamber

S i/m2 (0.120 psid). Without an arrester installed, the flashback flame
n~ the facility piping with a flame speed of only 2.19 m/s (7.2 ft/s), and

w< unable to propagate upstream through the facility piping. A plot of the
fe om these tests is shown in Figure 8-8. Both the dual 20-mesh screens
r , nd the single 30-mesh screen arrester were successful in quenching

fi hback flames from the methanol/air mixture.

20 2000

TEST Nos. 1513 AND 1514
CONFIGURATION Nos. 133, 134 AND 135

16 0 AVERAGE FLAME SPEED IN CHAMBER 1600
A FLAW. SPEED IN PIPING WITHOUT ARRESTER

0 AVERAGE PEAK PRESSURE RISE IN CHAMBER E

I SPAN OF ALL DATA Z

12 1200

F21-F12
9.I4m s

< I

3 2 I 0 T 2 3
FAMI DOWNSTREAM 80

IGNITER LOCATION

DISTANCE FROM IGNITE:R, m,

Figure 8-8. Methanol/Air Mixture Test Results
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I Iirsi s )re : rt'sr :'.els e'' wkere mh n- w i .,,uen~- ai r" r
t' til ll% t e st *- 1 1') "s. Ir n,!(h-ction 1>uv~0r' w' L 1-. (A/,

mix loom lame op Tim(_ r-,.u ired to 1'il tlc 'e.t --harbtcr aerl,- A<
07 0s, s. T',he nonin-lI measured equivailnse r-ttio, att jil:I or. wss_ 6

were o j with the dual 20-meshi -crees r eOc n' h

)m(-t soreen arester using t he upstream ignit'er s :3

Th _-veroge ( flamie speei between the igniter and the downistrCOT. 'ace

ht re, arresters (F8i-2 was 5.4h2 rn/s (17.8 ft/5). The hiighest average'_
lamure speed meas-ured lust downstream of the igniter (F82-F83) was 6.27r/

so6ft Js) 1',--m there it. lecelerated to only 2.65 rn/s (8.7 ftl/s) at the flers
-htmber exit (.F56-F87). The aiverage peak pressure rise in th-e -hanber was

t,6S 7! 2 (0.09, psid), the lcowest value recorded for all fuel/,air mixtures.
Witiiout a Yt n arrester installe i, the flashback flame entered the facility

b<ipl5T with a flIame speed ,)f only 0.61 rn/s (2.0 ftjs) and was unable to prop,,-
gate urzotrean through thie facd fry piping. A plot of the resalts from these
t est s is shown ir Figure c3-9. FBeth the duial 20-mesh screen arrester an~d the
slnintl 3G-nesh s een arrest2- w-rre successful in quenching all flash1back
lames from the !cluent-,,ir mixtures.

20 -TEST Nos. 1515 SAND 1516 20
CONFIGURATIONS Nos. 136, 137, AND 138 -20

0 AVERAGE FLAME SPEED IN CHAMBER

16 A FLAME SPEED IN PIPING WITHOUT ARRESTER
160 AVERAGE PEAK PRESSURE RISE IN CHAMBER - 600

SSPAN OF ALL DATA E
N z

o12 FLAME ARRESTER
LOCATION -1200 ;2

__JTT

8 (NOT AVAILABLE)TII 80

4 - 400

000

4 3 2 1 0 I 2 3 4

- UPSTREAM-- ~ DOWNSTREAM -

IGNITER LOCATION

DISTANCE FROM IGNITER, m

F pur -9. To luette/Air 1,lixture Test Results
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t' ult crnate fuels tests were made with diethy~ ether/
e-t conditions. The inject ion equivalence ratio was

-r mtx, nuin "lame speed. Tirie require(,* to fill the test
b r ,6e rnds. The nominal- m-asure.1 equivalence ratio at the

wa. U.7i (A/F = i.8. ests were made with the dual 20-mesh
tr e and tesingle S-mesh screen arrester using the upstream

-s -c Cnfigliration 1Nor. 139 to 141).

tvr.age t erite speed between the igniter and the downstream face of the
ee (F8 'F82) was 5.61 rn/s (21.4 ft/s). The highest average flame

. c7 !-etsr, in !he center of the chamber (.E84-F85) was 11.95 rn/s (39.2 ftis).
nese Clone' :pjeeus were the second highest obtained, next to the ethylene/air

The average peak pressure rise in the chamber was 937 N/rn2 (0.136 psid).
'tician arrester installed, the flashback flame entered the facility piping

w-l 'ame speed of 2.98 n/s (9.78 ft/s) and propagated upstream accelerating
9.3 it s (195 ft/s) at the facility inlet arrester (F21-F12). A plot of the

rejulls from these tests is shown in Figure 8-10. Both the dual 20-mesh screen
_ -r and the single 30-mesh screen arrester were successful in quenching

a1:3ehba-ck flames from the diethyl ether/air mixture.

TEST Nos. 1517 AND 1518
20 CONFIGURATION Nos. 139, 140, AND 141 2000

[I AVERAGE FLAME SPEED IN CHAMBER

A FLAME SPEED IN PIPING WITHOUT ARRESTER

6 0 AVERAGE PEAK PRESSURE RISE IN CHAMBER 1600
SSPAN OF ALL DATA

E
FLAME ARRESTER 'Z
LOCATION IT T

O 12 F21-FI2 FLOW T 1200 a
59.

4
3 m

8-80

4 400

o 0

4 3 2 0 1 2 3 4

UPSTREAM i. DOWNSTREAM
IGNITER LOCATION

DISTANCE FROM IGNITER,m

Figure 8-i0. Diethyl. Ether/Air Mixture Test Results
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11. PhlIANE/AIH IXTURE rpE,'',1,

TieI i t I~ serLI'ies or' :ttoe.rrtte lC s'wros W' r

mixture at 5.:ldtdtest I t it.lns . '1D :> ,''e i'

(A F = , m3o)[i'raxirmumrCieiel irnt r''' r', > .':

averg (, 1, 07 The rids.l- (lit ;4S lt mesr a'

1U11l tic 1 nwtt 0.76 (A/F = '9.8). Tests were ntrio wl ti. j "s
:irre stot' anri the si ngl e ?0-me sI i 'resn arrester' il L;e'I
posit, ion (T esL;t C'o I gu rat inn, iN. 1);, t', 14,

'te average_ flamie TCOU-( her woen the igniter anu '_h dwz~-It"r f' ' cc

the te tarrester (V 8i-F8L2) was m.Corns (11.9 ft /s r',e orL''"'g74
speed!' meas.ured is downstream of the igniter (I~8)w (m5 C

Orstfiove it deceleratted to only 2.71 rn/s (8.9 ' n a ha"' hr
*e xi (F86- F'8 7) Te- average peti pressure }s'' he (- r~ waz 9._0

(-. 140 psi; . Witho)ut an arrest-er installe_,d, t' e '1'l trai'e vt
f ac'ili tv piping wi Th f flame spred of 2..), ns14 f- ) na ',"ag's' ci

aoceeler'atinr7 ton 15> n 5s ( 57.>; !1/2 a' *5 ht~ uJ, 1, arrec' r

A plt.t f t he resi.lts fran) these.,c tes-ts ;:s s ii w:. itur-_
10ms_ w oren arr-stor artLt! . sing: Ie jO-mresh "e'j'r a

in q~uenchinrg all Oiashbni,'kI flamnes from the bi.tane1 air mix-ures

$ I. AuFTALPEIIYDE/AIR MI,!XTURE TEST

och sixtfi and i'ina' series sOL alternate :t'., tests~I acetal leniydr,'air :;ixtjre at stanidar: test c~itss .e -I I' ret r e'>''-I

20 '0

TEST Nos. 1519 AND 1520
CONFIGURATION Nos. 142, 143, AND 144

16 0 AVERAGE LAME SPEED IN CHAMBER -1600
A FLAME SPEED IN PIPING WITHOUT ARRESTER '

0 AVERAGE PEAK PRESSURE RISE IN CHAMBIER
E ~ SPAN OF ALL DATA

CF2 -FP1220 ;12 1.4m s- 10

T ,

8FLAME ARRESTER

LOCATION4

4 400

0

C -- UPSTREAM tc--'-' DOWNSTREAM "- '-

IGNITER LOCATION

DISTANCE FROM IGNITER,m

I .Butane,/Air Mixture 'lest, Results



'atio ws ..15 (AwF as6.82) for maximum flame speed. Time required t fill the

tt the- t-me of ignition was 0.63 (A/F = 12.5). Tests were made with the dual
0-mesh screen arrester and the single 30-mesh screen arrester using the upstream

The average flame speed between the igniter and the donistream face of the
:est arrester (F81-F82) was 5.30 m/s (17.4 ft/s). The highest average flame
sovei measured at the chamber exit (F86-F87) was 12.11 m/s (39.7 ft/s). These
_--me speeds are about equal to those obtained for the diethyl ether/air mixture.

T, rage peak pressure rise in the chamber was 1102 N/m2 (0.160 psid), which
-s .the same level obtained with ethylene/air mixture. Without an arrester

.stal]i, the flashback flame entered the facility piping with a flame speed of
-.22 is (10.6 ft/s) and propagated upstream accelerating to 411 m/s (13h8 ft/s)

at the facility inlet arrester (F21-F12). A plot of the results from these
*>sts is shown in Figure 8-12. Both the dual 20-mesh screen arrester and the
single 30-mesh screen arrester were successful in quenching all flashback flames
:>om the acetaldehyde/air mixture.

ARRESTER SELECTION FOR SUSTAINED BURNING TESTS

The tests described above completed the alternate fuel/air mixtures step
:n th- test program logic diagram presented in Figure 8-1. Since both the dual
-nest screen arrester and the single 30-mesh screen arrester were successful

II I I I I

TEST N . 1521 AND 1522
20 CONFIGURATION Nos. 145, 146, AND 147 2000

0 AVERAGE FLAME SPEED IN CHAMBER

L FLAME SPEED IN PIPING WITHOUT ARRESTER

)6 0 AVERAGE PEAK PRESSURE RISE IN CHAMBER 1600
I SPAN OF ALL DATA

T

T Z

F2 41 T I I T

S41 0 I 1 t2

UTFLAME ARRE

- U-R," DOWNSTREAM - -

IGNITER LOCATION

DISTANCE FROM IGNITER, m

FIgurp 8-1;'. Acetaldehyde/Air Mixture Test Results
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inquenching all flashback flmes fS 2m all the tlternate 2'es! s, hey wc

be:,! 1esign.ted by the U.S. Co--st 'ma rd far susteired burrI t .Osts, xS ir -
SL cri mped ribbon arrest~r and t rhe packed bed arrester fc . ASA rcl
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SECTION IX

SUSTAINED BURNING ARRESTER TST

A. PROPANE. AIR MIXTURE TESTS

The first series of sustained burning tests were made with propaxe/air
tures at the standard test condition where the injection equivalence rati, was
1.14 (AF = 13.75). The duration of testing was planned fsr 30 minuts t. a.
sufficient time for the test assembly to reach thermal equilibrium. ,: the coon'.
the flame penetrated through the arrester, the test was terminatea as: -. c-

possible to minimize damage tu the facility piping and instr :entati .

The duai 20-mesh screen arrester and the single 3C-mesh screen a:'
testea in tw,. different test assembly sizes, the :riginal 15.Z-=m u-. ...
ain. a new 25. 4-cm (10-in. ) diameter. This was Th:±e t evaluate tie e:
the :'ue- air mixture approach velocity and flow-thr u;h ve-ocity .e "
enviroment at the screens. The spiral-wound, -,rimped stainess-stee_- t.
arrester an.1 the packed bed of Ballast rings arrester were the sane
that proved successful in the flashback flame testin,-. A>i arresters- were i:.-
strumented with additional thermocouples (Figure 9-1 t measure therm:.a. L
and t, aid in predicting an impending: flame penetratioun wnen the arr, ,t e -:-
ture approached the spontaneous ignition temperature )f the fueair

The f.1iowing results are C><r the pr',paneiair mixture sust aihl' ' i.-
tests. A t:tular siummary -f the test data is presented in A.j eri .

.m.e ti-Mesh 'creer, Arrester, 15.2-cm iameter

hema I. .rawi..........:z.rrester test aL--,;errA .e . i,;
prese, : ii ';r- ;-, , on w- th ati r. -th :h :. w".- " ""e .
Meas*r-. t.- " ',' t,'.perat re. nh snot. s her.h-type t ,,"r.. . .

wit, s; :l,- tIL,- av3±r,.s4 th- q strear: :ae :' t:, " '.
t ra:irtain p i: .:. a t ,'nt 0 minimtize . 'u, C.. w :1<" .a: . ,. ., ; "..-

, W . t ,e * ,V-n or11:,,

A U. t St'' h r'e :'f ' " ','. .: ' . e'; . .... .i t , l'k--. ''tOt'• :' i *I ' .rt.nm e . - , .t , ,' - ' -ra ;
p r ar- X'~'w :t i~ i-i

wire.! irn

A sc-rc.ti:' lrawir-" ," to] t s't 'ebly Z"est nf[i,'urat i n N.
sent i i:. P" '5cc 9-,), .:h. ws lhe A, 1 1 the therm.oo-pl,-s A 'in: 'I-

. :neatsire tile tw S,_'reen temp. rat re':es. The approachin f'i w , s it, in tile . -

cm- 6-in.-) liameter pipe was 1.5 r/s (5.( ft,'s) and the !'! w-thr : h vel ci':,
in the screens was 3..3 m/s (1O.6 Ct/s), enperature n the ti wnst i s,,'CCi.
reach ed an initia.l pLateau of 920(" (.1960F ' ) after 120 secns , ' ,peration ano
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T8A

.1 T8B

5.2-cm DIAM.

T8A

SCREEN OR
DUAL 20-MESH
SCREENS

*~~~~~O - A ~ >.Aw-

t~hit 'he r'i ,:l.;eywiti tit- f 1 w-thr-urh ve. l'

W. 1 re exp-* 'tel. 'h- Wr V.,--, I, i -h yeloci ty "thi:- !a rer
screen .;Ir:new r..: i tn i k-t.ok .otip-r~o xren three times higher t njan the
Srnla (er r ~*', 1, eI ab vt-f ,i-rrtq h A- f t this sec't ion. The pr Lpi ne, a! r
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100 - CONFIGURATION No. 153

80-

PENETRATlONI

0 300 600 900 1200 1500 1800 2100

rej:. 'in-Ie30-Mesh Screen Arrester, 15.2-cm Diameter,
plr pane/Air Mixture Sustained Burning Test Results

TEST No. 15268
00 -ONFIGURATION No. 154

NO FLAW~

90 PENETRAT ION!

40

00 600 900 1200 1500 18o0 21
t4, II

Vi~rur 9-4. Dual 20-Mesh Screen Arrester, 15.2-cm Diameter,
Propane/Air Mixture Sustained Burning Test, Results
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T811 I
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mixture :Iame did riot penetrate through this single 30-mesh screen arrester. A
plot of the test results is presented in Figure 9-6. Posttest inspection
revealed only slight discoloration of the wire mesh over about 60% of the surface
area as shown in Figure 9-'T.

4. Dual 20-Mesh Screen Arrester, 25.4-cm Diameter

A schematic drawing of this arrester test assembly (Test Configuration No.
L56), presented in Figure 9-5, shows the location of the thermocouples (T8A and
IdB) used to measure the two screens' temperatures. The approaching flow velocity
in the 25.4-cm- (10-in.-) diameter pipe was 0.56 m/s (1.8 ft/s) and the flow-
throu.,h velocity in the screens was 1.21 m/s (3.96 ft/s). The temperature on the

downstream screen (T8A) reached an initial plateau value of 160CC (3200F) after
20 seconds of operation and then increased to a nominal value of 1900C (37h4F)
"or the remaining 30 minutes of operation. The upstream screen temperature ('T8B)
reached 60°C (140*F) after 60 seconds and then slowly increased to 700C (158*F)
by the end of test. The propane/air mixture flame did not penetrate through this
-iual 20-nesh screen arrester. A plot of the test results is presented in Figure
9-b.

The maximum temperature for this 20-mesh screen arrester assembly was expected
to be higher than that measured on the similar sized 30-mesh screen arrester,
uetcuse f the lower flow-through velocity. Posttest inspection revealed that
tne therm-coupie (TbA) was making poor contact with the screen surface and was
-- ated in an area of low temperature, as indicated by the flame impingement
pattern u)n the screen. There was no damage to the screens other than a discolora-
ti n 2,verinL ab ut 60% of the flow area on the downstream wire mesh. A posttest
ph t'rapii Lt the 10-mesh screens and spacer is presented in Figure 9-9.

500 1 1 1 1

TFST No. 1527A
CONFIGURATION No 155

NO FLAW
400 PENTPTION

zI

.~200 I I

00 120 100 300 600 9WO 1200 13WO lo 21W

TIAM,

Vi ure 9-6. Single 30-Mesh Screen Arrester, 25.4 -cm Diameter,
Propane/Air Mixture Sustained Burning Test Results
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FLiure ~' in -, BO-Vesh flereen re e,~..-n ianmeter,

TEST No. 15278
CONFIGURATION No. 156

400

NO FLAME
.300 -PENETRATION

200 -NOMINAL __

T ff1AWT - - --

100

TBB

0 300 600 9100 1200 1500 19D0 2100

TIME, s

Figure 9-8. Dual 20-Mesh Aereeri Arrester, Z5. 2 ,-m PiZATmeter,

Prm)pare/Air >lix-ti re >itie unn est liesults



ure 9-9. Dual 20 Iesh Screen Arrester, 25. 4 -cm Diameter, Posttest

p a rimel ai~e~ ~eeIRibbon Arrester

j-Wl7- f this ai"ster test assembly (Test Configuration
'nl FVjju 9-1 sws the location of the six thermocouples

t-'n the e ribbon core element temperature. The
. o il the -om (12-ir..-) diameter pipe was 0.39 rn/s

2 w ,ougeloc-ity in the crimped ribbon core element
4-. Terei- . re at the downstream center of the care

-t m axinm .,2 of 1000 0 c (1832'F) after 900 seconds
h-~ri.~lqw~ ~ to 930'C (l'T060 F) at the end of the

TILE-u' e fla'me had to be burning inside the core
i ,Ze i~iirh -1''~ip".-t1,re, which is considerably above the span-

* ~,* ~ Cf 0c (940%)) for the propane/air mixture.Th
- -Eerl (r 8 R) rea( ne-i this spontaneous ignition temperature

V 'rV. terminatt' nn. It appears that the sustained flame
4 - i t~ en~i orton o th donstrea face, and after

-. . a, the V.1ri had expanded to the outer perimeter (T8A).
I' M11X 1t- 'lam- diAd 'lot penietr-ate through this spiral-wound,

1 ~, Cr1 4 r'ing the 30-minute test duration. However,
* . ''r' reaohb'd ai 'tate of thermal equilibrium and there is

.. '" oatt 'Vlrune propagation into the core. It is
* have eventually failed. A plot of the testL

- .- I esllm~er test assembly revealed some minor -

!', cf' distortion and discoloration to the
- -Ph va tretainer grid was also distorted from

......... , ..- .. e.. rid elements were broken at the weld
3-rtthh -,i' the Inwnstream end of the arrester assembly
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NO FLAWE
1000 TEST No. 1524A PENETRATION

100 CONFIGURATION No. 149 8

800

S600

~TOO

400

200 I TSF

0
0 300 600 900 1200 1500 100 2100

TIME, s

Figure 9-11. Spiral-Wound, Crimped Stainless-Steel Ribbon
Arrester Propane/Air Mixture Sustained
Burning Test Results

6. Packed Bed of Aluminum Ballast Rings Arrester

A schematic drawing of this arrester test assembly (Test Configuration
No. 151), presented in Figure 9-13, shows the location of seven thermocouples
(TSA to T8G) used to measure the temperature in the bed of rings and on the
siagle 30-mesh screen retainer. The approaching flow velocity in the 25.4 -cm-
(10-in.-) diameter pipe was 0.56 m/s (1.8 ft/s), the flow-through velocity in
the bed of rings is estimated at 0.94 m/s (3.1 ft/s), and the flow-through
,,'e ity in the 30-mesh screen was 1.5 m/s (4.9 ft/s). Temperature of the
:,teen (TW ) reached the nominal value of 350 0 C (662°F) after 200 seconds of
';peratior and held fair.Ly steady for the 30 minutes duration. The temperatures
at the top of the bed (T8A and T8D) increased slightly to a maximum of 1250 C
',57 0F) due to radiation only; very little conductive and no convective heating

wa:, possible. The lower part of the bed remained at the nominal mixture inlet
temprature of 500 C (122 0F). The propane/air mixture flame did not penetrate
through the 30-mesh retainer screen on the packed bed of rings during the
0-minute test duration. A plot of the test results is shown in Figure 9-14.

Postteut inspection revealed only a slight downstream bowing and discoloration
of the retainer grid and screen as shown in Figure 9-15.
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500 11

TEST No. 1525A I
CONFGURTIONNo.151NO FLAME

PENETRATION
400 -I

CONFIGURATIONE NI 5

300

200

T8A

T81)
L/TB TICI

0 300 600 900 TM, 12D0 1500 1800 2100

Figure 9-1~4. Packed Bed of Aluminum Ballast Rings with Sirngle
30-Mesh Screen Arrester Propane/Air Mixture
Sustained Burning Test Results

P. ETHYLENE/AIR MIXTURE TESTS

T'nis last series of sustained burning tests were made with ethylenie/air
rcixturte at standard test conditions where the injection equivalence rntio was
1.15 (A/F~ = 12.86). The planned test duration was 30 minutes. Only the two
arrester configurations of the NASA funded program were tested: (1) the-- suira.1-
wound, crimped stainless-steel ribbon arrester, and (2) the packed bed! of
aluminum Ballast rinrys. The USCG funded program did not require sustainedJ bilr-
ing, tests with ethylene/air mixtures because the test conditions were ,on-

s idered to be too severe for screen-type flame arresters.

Tr-, following results arc for the ethylene/air mixture sustained burning
tonsts. A tabular summary of the test data is-: presented in Appendix E.

1. pirral-Wound, Crimped Stainless-Steel Ribbon Arrester

This is the same arrester test assembly (Test. Configuration No. 1')0) shown
in Figiire 9-10. The test flow conditions were the same as those described in
Patrarratph A-5 -t' this section. On the first test, (No. 152)4R) the flamec pent tO~d
into, tL ore (T8A and T8E) after only CO s econids of operation and rea1clhed a

h _p'tilt- of arouind 900'C (1651,o) -A 1 50 seconds-. The flame spTreadl 1-:
t, ho- oiit, I r ir )~ f the oorp- ( '28L an(! T9D 1u) on n th is- area r n e tult" t-
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Figure 9-16. Spiral-Wound, Crimped Stainless-Steel Ribbon Arrester
Ethylene/Air Mixture Sustained Burning First Test
Results

2. Packed Bed of Aluminum Ballast Rings Arrester

This is the same arrester test assembly (Test Configuration No. 152) shown
in Figure 9-13. The test flow conditions were the same as those described in
Paragraph A-6 of this section. In the first test (No. 1525B) the temperature
on the upstream face of the retainer screen (T8G) increased rapidly, reaching
the spontaneous ignition level of 490 0C (91140F) after only 35 seconds of opera-
tion. Flame penetration occuired at 43 seconds when the screen temperatu-
reached 560 0C (1040 0F). The bed of aluminum Ballast rings remained at the inlet
ethylene/air mixture temperature with only the downstream center of the bed (T8A)
receiving any measurable radiation from the sustained burning. Flame penetra-
tion through the retainer screen was followed by a detonation in the inlet piping.
Flame speeds measured in the witness section, which was just upstream of the test
arrester section, were at the detonation velocity of around 1830 m/s (6000 ft/'s).
This would indicate that the penetrating flame had made the transition from
deflagration to detonation within the length of the packed bed arrester. A
plot of the test results is presented in Figure 9-18. Posttest inspection of
the arrester -evealed some distortion and discoloration of the retainer grid
and screen assembly caused by internal pressure developed during the detonation.

The above test was repeated at the same test conditions and with the same
arrester test assembly. This second test (No. 1525C) resulted in n detonation
immediately after, ignition. Posttest disassembly and inspection of the packed

bed arrester revealed that the screen retainer had been impacted in several
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800
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Figure 9-17. Spiral-Wound, Crimped Stainless-Steel Ribbon

Arrester Ethylene/Air Mixture Sustained

Burning Second Test Results

places by Ballast rings causing punctures as showr in Figure 9-19. The unde-
tected damage to the screen was probably initiated to a lesser extent during

the first sustained burning test that resulted in a detonation. These small

punctures allowed flame penetration without heat-up on the second test and

the subsequent detonation enlarged the holes to the size shown.
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Figure 9-18. Packed Bed of Ballast Rings with Single

30-Mesh Screen Arrester Ethylene/Air
Sustained Burning Te3t Results
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SECTION X

CONCLUSIONS

The following conclusions have been reached from the test. results of tl
experimental evaluation of flame arrester devices in a simulated fuel stcfrag>
tank vent stack installation discharging eight types of combustible fuel/air -Kx-
tures, including: (1) propane, (2) ethylene, (3) gasoline, (4) methanol,
(5) toluene, (6) diethyl ether, (7) butane, and (8) acetaldehyde. The test
flame arresters were mounted on the end of a 15.2-cm- (6-in.-) diameter pipe
vent located in an unconfined one-atmosphere environment. The standard test
condition used an injection equivalence ratio from 1.0 to 1.2 to produce the
theoretical maximum flame speed for the particular fuel/air mixture in use; tI.-
fuel/air mixture temperature ranged from 10 to 38'C (50 to 1000 F), and the inlet

piping nominal flow velocity was 1.52 m/s (5 ft/s).

(1) An ignition source upstream near the flame arrester and in the center
of the exhaust plume produced the highest flashback flame speed for
a flame propagating upstream in the direction of the arrester.

(2) Ethylene/air mixture produced the highest average flashback flame

speed of 6.60 m/s (21.65 ft/s), ranging from 4.86 to 10.66 m/s
(15.94 to 34.98 ft/s).

(3) Butane/air mixture produced the lowest average flashback flame speei
of 3.62 m/s (11.88 ft/s), ranging from 2.92 to 4.25 m/s (9.58 to
13.94 ft/s).

(4) Flashback flames from the typical bulk cargo fuels tested will propa-
gate in an open environment, such as the deck of a transport vessel,
but will not produce a detonation unless they penetrate an opening
leading into a fuel cargo tank.

(5) The single 30-mesh stainless-steel screen arrester was effective in
quenching flashback flames from all eight fuel/air mixtures tested.

(6) The dual 20-mesh stainless-steel screen arrester was effective in
quenching flashback flames from all eight fuel/air mixtures tested
except the ethylene/air mixture, where the flame speed was 4.86 m/s
(15.94 ft/s) or faster.

(7) Damage to a screen flame arrester from a puncture, tear, or corrosion
that results in holes larger than the original mesh size renders the
screen useless in quenching a flashback flame. The damaged screen
should be replaced to restore the arrester's effectiveness.

(8) The spiral-wound, crimped stainless-steel ribbon arrester was effective

in quenching flashback flames from the propane, ethylene, and gasoline
fuel/air mixtures tested, and would probably quench the other five
fuel/air mixtures listed.
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'he packed bed of aluminum Ballast rings arrester with single 30-mesh
ilens-steel screen retainers was effective in quenching flashback

:am, from the propane, ethylene, and gasoline fuel/air mixtures
-.ted, and would probably quench the other five fuel/air mixtures
'7 sted.

';ne packed bed of aluminum Ballast rings arrester without the single
jt)-mesh screen retainer was not effective in quenching flashback
flames from gasoline/air mixtures, and would probably not quench the
toer s, ven fuel/air mixtures listed.

The t-st configurations for the single 30-mesh screen arrester, the
,ial d0-mesh screen arrester, the spiral-wound, crimped ribbon arrester,

ni the packed bed of Ballast rings arrester withstood all flashback
v-m testing without any structural damage and only slight discolora-

from the short duration of flame impingement (approximately
se ' e onds)

Tfe single 30-mesh screen arrester and the dual 20-mesh screen arrester
withstood flames from propane/air mixtures for 30 minutes without

,:utucl damage and only slight discoloration of the screen wire.
I fuel/air mixture flow velocity through the openings in the screen

cce from 1.2 to 4.1 m/s (3.9 to 13.5 ft/s), depending on the size
,f' the arrester test assembly. In each configuration, the screens
rctached a condition approaching thermal equilibrium after approximately
-00 suconds where the temperature was well below the spontaneous igni-

'a [neperature for the propane/air mixture. It is concluded that
• , sustained burning conditions on these arresters could have contin-

fec tir an indefinite period of time.

n:he e-uilibrium temperature on the surface of a screen flame arrester
-t, :ustained burning conditions is a function of flow velocity of the
foCil,/air mixture passing through the screen; the lower the velocity,
I.e higher the equilibrium temperature. It is possible that at very
Low flow-through velocities the temperature of the screen would
increase to the spontaneous ignition temperature of the fuel and the
flame could penetrate the screen arrester.

, The spiral-wound, crimped ribbon arrester withstood flames from the
propane/air mixture for 30 minutes. During this time, the flame
propagated into part of the depth of the core element, causing dis-
tortion and discoloration of the stainless-steel ribbon. Thermal
equilibrium within the core element was not achieved during the
30 minute: of testing as the temperatures measured inside the ribbon
windings continued to increase above the spontaneous ignition tempera-
tire for propane/air mixtures. It is concluded that the flame would
hove -ventually penetrated the arrester, given sufficient time.
S)ustained burning from the ethylene/air mixture did penetrate through
this arrester on two tests of 423 and 383 seconds. Therefore, the
aLbility o' this type of flame arrester to withstand sustained burning
is highly iep-nient on the flame speed and the spontaneous ignition
temr erature -f' the fuel/air mixture.
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(5) The packed bed of Ballast rings arrester with a single 30-mesh
screen retainer withstood flames from the propane/air mixture for
30 minutes. The results were very similar to those obtained from
the single 30-mesh screen arrester, and it is apparent that the be:
of rings has little or no influence on the performance of this ar'...
configuration. Sustained burning from the ethylene/air mixture
penetrate through this arrester in only )43 seconds on one test, r-r
ing in a deflagration-to-detonation transition within the bed of
rings. The retainer screen was damaged by impacts from the bed C1

rings, and this damage allowed the flame to penetrate immediiately
after ignition on a repeat test. It is concluded that the packedi
bed of rings arrester with a single 30-mesh screen is no more-
tie than a single 30-mesh screen in withstanding and quenching
flashback flames.
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SECTION XI

RECOH.,IENDATIONS

Based upon the results of this test program, the follcwl:.,,r re.,'. -: .
are made regarding the selection and installation ,f fla.e arrest:,- :evic .
fuel storage tank vent stacks in a marine environment:

(1) Based upon flame quenching capability, structura iuabilty, end
low susceptibility to corrosion and fouling, the :ollowing :li~ne
arrester devices have been found effective in preventing flashback
flames in an open environment from entering vent openings c- a carrg
tank containing typical bulk fuels: (i) 2single 30-mesh stailess-
steel screen, (2) dual 20-mesh stainless-steel screen, (3) spiral-
wound, crimped stainless steel ribbon, and (-) packed bed cf alunis.
Ballast rings with single 30-mesh stainless-steel screen r. eineru.
Ethylene, which is a gas at ambient temperature and pressure, i1
not a typical bulk cargo fuel.

(2) Based upon the ability to withstand 30 minutes of continuous burnfn- ;f
a propane/air mixture, the following flame arrester 'evlces have be,:.
found effective in sustaining the flame from typical bulk cargo fuels:
(1) single 30-mesh stainless-steel screen, (2) dual 20-mesh stainlel:-
steel screen, (3) spiral-wound, crimped stainless-steel ribbon, an.:
(4) packed bed of Ballast rings with single 30-mesh stainless steel
screen retainers. Spiral-wound, crimped metal ribbon aresters app. ar
to have a finite time duration for sustained burning conditions, an;
should therefore be evaluated for the specific fuel and at the most
severe condition of the intended applications. None of the f lame
arrester devices tested is effective in sustaining the flame from e:.

ethylene/air mixture for 30 minutes duration.

(3) Based upon the inverse relationship between the equilibrium tempereiur-
of a screen flame arrester at sustained burning conditions and the
fuel/air mixture flowthrough velocity, it is recommended rhat in t.

transfer operations the rate of fuel flow should be fast encigh
keep the exhaust velocity of vented flammable mixture well -bve ,
laminar burning velocity of the fuel being transferred. In the evu;,
of a flashback flame, this safety precaution will aid in keeping t..
screen flame arrester on the vent from over-heating by a susteined
flame.

(4) The selection of a location for the flame arrester device on the re:A.,
stack should be limited to the very end of the pipe. The f'._me lue
ing ability of the arrester is reduced by any length of pip(o, hou ,
or mechanical device downstream of the arrester. ,tcreen-type !lams,
arrestors are effective only if they are undamaged by punctures cr
tears in the wire mesh and there are no gaps or holcs sruni tli,
phery larger then the openings specified for t.h(" 20- or ,O-mesh c'.,
All flame arrester devices should be period irs'Iy inrpec~e
arid cleaned to remove fouling and crr,, on



(5) The selection of materials used in the construction of arresters
should be based on their compatibility with the local environment

and the fuel vapors to be encountered. However, stainless steel
is recommended.

The data and experience obtained from these flashback flame and sustained
burning tests is limited to those fuel and air mixtures tested in a 15.2-cm-

(16-in.-) diameter pipe size. It is recommended that extrapolation of this
data should be limited to the following:

(1) Application to other fuels should be limited to those hydrocarbon
fuels that have similar combustion characteristics to those fuels
tested.

(2) Applications scaled down to pipe sizes smaller than 15.2-cm (6 -in.)
diameter are considered to be conservative.

(3) Scaled-up applications should be limited to pipe sizes no larger
than a 20.3-cm (8-in.) diameter, providing adequate consideration
is given to structural strength.
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APPENDIX A

TEST CONFIGURATION LOG

Configuration
No. Test No. Description

100 to 112 l488 to The first thirteen test configur,- t.ons were ev ,,c
1495 during the facility checkout tests. They includ.,-:

the preliminary installation of a subscale flame
chamber that was later replaced by the fuil-sc>e-

flame chamber and the exhaust collector burn st k.
Flame sensors on the flame chamber outer wall were
repositioned from the horizontal center line t r.e
top center line. Three igniter positions usei :.

the flame chamber were (1) upstream, (2) niddle,

and (3) downstream. An aluminum flame shield wt s

installed on the inlet piping upstream of the flume
arrester test section. Also, a second alumintun

flame shield was installed in front of the down-
stream flame chamber frangible diaphram. Fuels -,sed

on these checkout tests were gasoline and commerv-ai

grade propane. The test arresters included both 'he
dual 20-mesh screens and the single 30-mesh scremn.

113 1496 (A-C) This test configuration is shown in Figure 7-2.
Flame arrester: dual 20-mesh screens

Fuel: propane

Igniter position: upstream

114 1497 (A-C) Flame arrester: dual 20-mesh screens
Fuel: propane

Igniter position: downstream

115 1498 (A-D) Flame arrester: single 30-mesh screen
Fuel: propane
Igniter position: downstream

116 1499 (A-C) Flame arrester: single 30-mesh screen
Fuel: propane
Igniter position: upstream

117 1500 (A-C) Flame arrester: single 30-mesh screen
Fuel: ethylene
Igniter position: upstream

118 1501 (A) Changed the exhaust collector burn-stack flame
arrester from an Amral spiral-wound, crimped stsin-
less-steel ribbon to a Shand and Jurs spiral-wun:,

crimped aluminum ribbon assembly.
Flame arrester: single 30-mesh solreen
Fuel: ethylene

Igniter position: upstream
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r':. Test No. Description

!]9 1501 (B-D) Flame arrester: single 30-mesh screen
Fuel: ethylene
Igniter position: downstream

1502 (A) Flame arrester: none
Fuel: ethylene
Igniter position: downstream

12i 1502 (B-D) Flame arrester: dual 20-mesh screens
Fuel: ethylene
Igniter position: downstream

1503 (A-C) Flame arrester: dual 20-mesh screens
Fuel: ethylene
Igniter position: upstream

19j 1504 (A-C) Flame arrester: crimped ribbon
Fuel: propane
Igniter position: upstream

NOTE: All of the following tests were made with the igniter
located in the upstream position unless otherwise
noted.

12. 1505 (A-D) Flame arrester: crimped ribbon
Fuel: ethylene

125 1506 (A-D) Flame arrester: crimped ribbon
Fuel: gasoline

1. 1507 (A-D) Flame arrester: none
Fuel: gasoline

12 507 (C) Flame arrester: single 30-mesh screen
1508 (A-B) Fuel: gasoline

1508 (C-E) Flame arrester: dual 20-mesh screens
Fuel: gasoline

110 1509 (A-C) Flame arrester: packed bed of rings
Fuel: gasoline

20 1510 (A-C) Flame arrester: packed bed of rings with single
30-mesh screen

Fuel: gasoline
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Configurat ion
No. Te. t No. Descripti on

131 1511 (A-D) Flame arrester: packed bed of rings with sini-re

30-mesh screen

Fuel: ethylene

132 1512 (A-C) Flame arrester: packed bed of rings with sinf-Ie

3C-mesh screen
13 Fuel: propane

133 1513 (A-C) Flame arrester: single 30-mesh screen

Fuel: methyl alcohol

134 1513 (D) Flame arrester: none

Fuel: methyl alcohol

135 1514 (A-C) Flame arrester: dual 20-mesh screens

Fuel: methyl alcohol

136 1515 (A-C) Flame arrester: dual 20-mesh screens

Fuel: toluene

137 1515 (D) Flame arrester: none

Fuel: toluene

138 1516 (A-D) Flame arrester: single 30-mesh screen

Fuel: toluene

139 15.17 (A-c) Flame arrester: single 30-mesh screen
Fuel: diethyl ether

140 1517 (D) Flame arrester: none

Fuel: diethyl ether

141 1518 (A-C) Flame arrester: dual 20-mesh screens

Fuel: diethyl ether

142 1519 (A-D) Flame arrester: dual 20-mesh screens

Fuel: butane

143 1519 (E) Flame arrester: none
Fuel: butane

144 1520 (A-C) Flame arrester: single 30-mesh screen
Fuel: butane

145 1521 (A-C) Flame arrester: single 30-mesh screen
Fuel: acetaldehyde
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Confi ;urot ion
No. Test No. Description

146 i521 (U) Flame arrester: none
Fuel: acetaldehyde

152L (A-C) Flame arrester: dual 20-mesh screens

Fuel: acetaldehyde

1)23 (A-B) Changed the test assembly to the sustained burning

test configuration.
Flame arrester: crimped ribbon

Fuel: propane

9524 (A) Changed the thermocouples in the test arrester

from open tip ungrounded to closed-end grounded.

Flame arrester: crimped ribbon

Fuel: propane

i50 1524 (B-C) Flame arrester: crimped ribbon

Fuel: ethylene

1:i 1525 (A) Flame arrester: packed bed of rings with single
30-mesh screen

Fuel: propane

159 1525 (B-C) Flame arrester: packed bed of rings with single
30-mesh screen

Fuel: ethylene

153 1526 (A) Flame arrester: 15.2-cm- (6 .0-in.-) diameter
single 30-mesh screen

Fuel: propane

i%4 1526 (B) Flame arrester: 15.2-cm- (6 .0-in.-) diameter
dual 20-mesh screens

Fuel: propane

11 1527 (A) Flame arrester: 25.h-cm- (10.0-in.-) diameter
single 30-mesh screen

Fuel: propane

I[f 1.527 (B) Flame arrester: 25.4-cm- (10.0-in.-) diameter
dual 20-mesh screens

Fuel: propane
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APPENDIX B

TABULAR SUMMARY OF STEADY-STATE MEASURED

AIR AND FUEL SYSTEM TEST CONDITIONS
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APPENDIX C

TABULAR SUMMAhRY OF TRAN~SIENT.-STATE MEASURED
FLAME SPEED AND PEAK PRESSURE RISE
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-1 APPENDIX D

TABULAR SUMMVARY OF AVERAGED MEASURED FLAME SPEED
AND PEAK PRESSURE RISE FOR FUELS
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APPENDIX E

TAB',LAR SUMAPY OF TEIVERATUhE MEASUREr.1NTS
FOR SUSTAINED BURNING TESTS
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